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ABSTRACT

This report describes the design of a pzir of HF antennas, one
horizontaliy and cone vertically polarized, vhose gains and directiv-
ity patterns are reasopably a2li¥e over the rarge of elevation angles
useful for oblique ionospheric propagation over tvpical one-hop dis-
tances. Means are given for obtzining the proper pbasing for approx-
inating circular polarization at a designatec elevation angle and over
2 substential frequency interval. The design must te2ke into account
the dififering reflecting properties of ordimary ground for vertically-
poilsrized and horizontally-polarized incident waves, and the variations
of these properties with radio freguency.

Thne theoretical performence of a cross-polarized antennz pair of
one particular configuration is described. It is shown that satisfac-
tory perfermance should be oétained over ground having electrical prop-
erties within the renge usually ercountered, though not when the re-
{lecting surface is fresh watekr, sea water or ground covered by a con-
ducting screen.

Experimental results are given which tend to confirm that the
cruvsced antenna pair does operate in the manmer predicted by the theory.

Construction details are furnished.
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i. INTZODUCTION

- A. PrAPGSE
P The purpose of the research described in this report was to design

2 pair of H? artecnas. -me horizeontaliy and the ctiher verticzily polar-
ized, wkose gzains ang directivity petterns would be rezsonz2bly 2like.
Such 2 pzir cf aatennas would bz usefuvl for swwrdies in obligume-incidence
Er ionospkeric propegaticn, a2nd could 2iso be of interest te cocrxanica-
tors a2nd otker users o the EF specizun; e.g., for polarizatics diversity
reception.

Addition2ily, the phese characteristics of the two antenpas were tc
be saificiently rell matched so that they could be vsed to =2pproximete
circular polarization. 7This would widepr tkeir applicaticn coansiderably

Tor stuodies of propegetion, a2pd possibly for other uses 2s well.

B. - PAST %W02% 11X THEE FIEID

‘The potion of providing peirs of cross-polzarized antenpas is quite
cld, especially for such uses as polarizatior diversity. XNo attempt wiil
be nade to provide a2 complete survey of previous work, but z few instances
of applica:ics at BF will be cited.

Kennedy ard Aces [Ref. 1] describe a cocmerc:ally available systenm
consisting of 2 vertically polarized log-periudic dipole array and 2 sim-
ilar horizontally polarized array, suspended from two towers. As the in-
tended use of the antennas was for polarization diversity reception, the

- principal concern was for the orthogonality of their polarizations, and

(to quote Ref. 1) "the two arrays probably nad equal sensitivity at about .

1 SEL-7C-043




15 deg 1o 20 deg adove the horizon.” The relative sensitivity 2t other
elevation argles and the phase relationship 2re not mentioped. A nuzber
of other useful refererces are cited by these z2uthors.

Gerst ard Worden [Ref. 2] describe a multifilar coatrawound kelix
antenn2 <hich cao provide linear or circolar polarization. It appears
teoat, for circular polarization, zantennas of this tyre are intended for
operation rexote iroo ground. 3 hali-helix coafiguratior is described
whick operates against a ground plare, but produces only linear polariza-
tion; 21lso, an essentizally perfectiy conducting plane appears to be re-~
quired. Agaip, other useiul references are cited in the article.

An ioteresting application of anm orthogonal pz2ir of anteumnas to
reduce skysave fading in the mediun-irequency region is described by
J. M. Dixon of the Sustralian Broadcasting Control Boani [Ref. 3]1. A
troadcast-type vertical antepna was used in conjunction with a horizen-
tal dipole to provide &n ellipticalliy-polarized signal. The anmplitudes
and phases of the horizontal and vertical conponents were adjusted to
excite the extraordinary node of propagation via the nocturnal E layer.
Since the referenced article is only a digest of the origimal werk, it
does not describe the method of computing the antenna patterms, but ap-
parently the properties of the reflecting surface were taken into account.

Hedlund and Edwards [Ref. 4] describe an experiment using a horizon-
tal and a vertical antenna at the same height. Only ampliitude data were
recorded, and the relative phases of the.H and V components of the re-
ceived signal were deduced from the relative amplitudes. 1In this appli-
cation the absolute phase and amplitude relationships between signals
present at the horizontal and vertical antenna terminals were of lesser
importance than for some other applications.

SEL-70-043 2



C. WORX AT STANFGRP UNIVERSITY

1., Design Approzach

Most of the earlier work at Stamford RBlectronics Latoratories
{(SEL) with antepnas of cortrollable polarization was in the VHF range
and at high elevation angles, sutch as for satellite and plaretary studies,
where ground reflection was of no conmseguence. OCne investigation in the
B? region used 2 pair of crossed dipoles oriented at £45 deg from the
vertical (Fig. 1). Measurements showed, however, that the polarizations
of the two antenna patterns were far from orthogomal, because of the dis-
parate effect of ground r:flection.

In January 1967 an investigation was begun by M. R. Epstein,
at that time associated with SEL, into polarization of iomospherically
propagate! waves [Refs. 5, 6]. The need for am orthogonal pair of HF
artennas of wide bandwidth for use in this experiment became apparent.
Various possible configurations were considered. In discussicns with
Dr, 0. G. Villard, Jr. it was decided to examine the possibility of using
horizontally polarized and vertically polarized antennas located at dii-
ferent heights., It was found empirically that at ilie lower elevation
angles which were of principal interest, placing the horizontal antenna
at 0.71 the height of the vertical antenna should give good coincidence
of the elevation amplitude patterns over a range of frequencies.

It was also realized that circular polarization, both right-
and left-hand, should ke cbtainable from the linearly cross-polarized
pair by the use of phasing neiworks or lines and a sum/difference combin-
ing hybrid [Ref. 7]. By adding two power splitters, four outputs could
be made available simultaneously, having respectively right-circular,

left-circular, horizontal and vertical polarizations.

n
O]
t=
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Tsie phase relationship between the radiated fields of the
horizontal and vertical antennas was investigated in some detail as a
function of elevation angle, so that the length of phasing cable required
to give circular polarization at any selected angle 2nd frequency could
be found. A coaputer program for calculating elevation patterns with
various ground constants and antenna parameters was made up, and a selec-

tion of patterns was computed.

2. The Prototypes

To obtain the desired band cowverage, log-neriodic antennzs
(LPA's) of a type already in use were selected. Modifications were made
to adapt oane of the usually horizontally polarized antennas for mounting
in the vertical plane, and erection of the first prototype antenna pair
wa2s begun at a site on the Stanford campus. The pair was aimed in ap
eastward direction.

Experiments were begun ipn March, 1967, using transmissions from
Lubbock, Texas. Results were encouraging. A second antenna pair, point-
ing in the direction of. Stanford, was installed at Lubbock at the end of
May.

The crossed-antenna pair was removed from Lubkock in August
1967, and was re-erected at th2 Stanford field site at Lost Hills, Cali-
fornia in October of the same year. It was aimed in an rastward direc-
tion. In January 1969 a second antenna pair was installed at the Lost
Hills site, pointing westward over the Pacific Ocean. At the present
time the two antenna pairs provide a choice of eastward or westward op-

eration. A crossed-antenna pair was installed at Stanford's Bearden,

5 SEL~70-043




Arkansas field site in June 1969, aimed in the direction of the Stanford

field site at Los Banos, California.

3. Summary >

The present report discusses tne properties of ground as a
refleci;r and describes a method, developed a2t Stanford University and
applicable to many types of antennas, for compensating for the #ifect of
ground. In addition, the veport describes the construction of a particu-
lar antenna pair {discussed above) which uses coomercially avRilable an-
tennas and of which several examples have been built.

While complete pattern measurenents o these antennas have not
been made, the results of computer simulations and field experimzents
which have t .- performed with them tend to veriiy that the antennas

perform essentially as predicted by theory.

SEL-70-043 6



I1. TECJNICAL BACKGROUND: COMPUTED PERFORMANCE OF
FORIZOKTALLY POLARIZED AND VERTICALLY POLARIZED ANTENNAS

A. REFLECTION OF RADIO WAVES FROM THE GROUMD

The basic difficulty in designing a pzir of antennas in which both
antennas are to have similar radiation patterms, except that one pattern
is horizontally polarized and the other vertically polarized, is that tke
effect of ground reflection on the antenna elevation patternz is quite
difierent for vertical than for horizontal polarization. At VHF and
higher frequencies it is often possible to mount the antensias far enough
above ground and to make them sufficiently directive so that grcund re-
flecti-n may be negiccted, especially since the efferi of ground ccrduc-
tivity decreases with inecreasing frequemcy. In the HF region, however,
it is ordinarily not practical to avoid ground reflection, so that the
design of the cross-polarized pair must take the properties of the ground
into account.

Elevation-angle directivity patterns commonly found in the litera-
ture are for antennas over an ideal, perfectly-conducting plaue. After
reflection from such a plane, a horizontally polarized incident wave ex-
periences a 18C deg phase shift and no loss in amplitude, while a verti-
cally polarized wave is reflected with no phase shift or loss in amplitude.
This is not true for antennas operating over real ground, but the approxi-
mation is sufficiently accurate for many purposes. For the purpose
of designing crossed antennas suitable for radiating a circularly polar-
ized field, more detailed knowledge of the phase and amplitude relation-
ships between the vertically and horizontally polarized components is
needed. The refiecting properties of actual ground must therefore be

considexred. These depend on the conductivity and permittivity of the

7 SEL~70-043



ground, and on the elevaticn angle of the incident wave. Also, the
effect of ground conductivity on the reflecting properties depeunds in-
versely on frejuency, so that for actual ground the ideal-conducting-
plare approximation becomes very pocr as the frequency increases toward

the upper end of ths HF range.

B. ELECTRICAL PROPERTIES OF GROUND

The conduct:vity ¢ and relative permittivity er (dielectric
constant) of various types of ground, collected from various sources
[Refs. 8, 9] are shown in Fig. 2. For purposes of this report typical

value may be summarized as follows:

3

1. "Poor" ground, 10° to 107% mhos/meter, €.=3 to 5

Q
]

2. "Good" ground, ¢

10-2 mhos/meter, €. = 10 to 15

8 X 10_3 mhos/meter, £ = 8C

3. Fresh water, g

4, Salt water, G

4 mhos/meter, €. = 80

For both "good" anrd "poor" ground, the conductivity is small in the

HF region, and in most cases the ground may be considered as a lossy Jdi-

electric. For fresh water the dielectric constant is large, but the con--

ductivity is seldom large enough to be taken into account. For sea waterx

the conductivity is large and the dielectric constant may usually be ne-

glected. These concepts will be examined in greater detail in the next

section. The effects on the ground-veflaction properties caused by water

or ground screen will be considered in Section K.

SEL-70-043 8
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C. THE REFLECT'ON COEFFICIENT

The probvlem ol a wave ob)iquely incident on the plane interface
between two lossy dielectric half-spaces has been considered by many
authors, fo> example Skilling [Ref. 10], Weeks {Ref. 11], and Obman
{Refs. 12, 13], Figur2 3 fllustrates the gecm2try of wave reilection
and refraction, where the elevation angle of incidence, ¢1, equals
the angle of reflection, $3, and the complement angle of refraction,
Yo differs from *1 according to Snell's law. In terms of vl,

previous investigations have resulted in equations for the reflection

coefficient, p, of the foum:

(For Horizontally Polarized Incident Electric Field)

I : @ P1€y 2
— sin V - ~ -—— cos &1
Ha “262

€
—~ sin v 2 F c052 *1
J J“Z N Ho€g

(For Vertically Poiarized Incident Electric Field)

\I“ sin oy - j—;f - —= cos 1]
(2)

[1 2
J—_ sin V + erz * COS Wi

where ul and “2 are the absolute permeabilities of the two media;

, and €, and ez are the absolute permittivities.

)

These equations are often given in terms of the optical angle of

incidence 9] meastred from the normal to the plane, rather than the

SEL-70-043 10
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MEDIUM 1, HAVING
PERMEABILITY g,
PERMITTIVITY ¢
CONDUCTIVITY o,

/
%,
Ey)
R

e s ot s e ranss i v o it . et S et s e

\
MEDIUM 2, HAVING \ ¥
PERMEABILITY u, \
PERMITTIVITY ¢, 9
CONDUCTIVITY o, T

&
. \63
2
\p
k 4 \.&

Figure 3. Geometry and definitions for discussion of the
reflection coefficient p of a wave obliquely inci-
dent on the plane interface between two media.

Wl = angle of incidence (in elevation),
vz = angle of refraction,
wa = angle of reflection.

[Note: The "optical” angles 63, 65, 63 are the
complements of *1’ ¢2, ¢3, respectively.]
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elevation angle 31

Making the appropriate substitution Wl =

measured from the plane itself.

(See Fig. 3.)

(ﬁ/2)-61, Eqs. (1) and (2)

yield Egs. (67) and (71) in Chapter 3 of Ref. 10.

In Eqs. (1) and (2), the reflection ccefficient

/E

Ereflected incident

wave to that of the incident wave.

o 1is the ratio

of the electric field strength of the reflected

This is in geperal a complex quan-

tity, with the reflected wave having always an amplitude less than unity

and a phase shift relative to the incident wave.

For convenience in

computation, this phase shift will always be expressed by denoting a

negative phase as a positive phase lag.

1f, as is usually the case in antenna work involving ground refiec-

tions, ul is equal to “2’

the eguations simplify to:

sin ¥, - fg - c052 ¥
1 i .
. = CH
L)h - r-é;—-— 2 (3)
. {2 2
sin ¥y, + |— - cOos ¥
1 € 1
€ [52 2
——sin ¥, - {— - cos ¥
¢ =2 ! : (43
v ¢ fe, >
— sin ¥, + |— - cos ¥
1 € 1
& 1

The permittivity

the effect of loss in tae medium.

€ can be defined as a complex quantityf'to include

Wher it is so def.ned, Egs. {3} and (4)

apply not only %£o the lossless case but also to the case where one or both

media are lossy.

¥

See, for example,

SEL-70-043
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‘The properties of grourd 2re crdinarily given in terms of its conduc-

-
=

tivity ¢ ia nhos/meter, wnich accomnts for its loss, and tke dielectri

constant (relative peraittivity) ¢, waich tken has oniy 2 real pert.

‘ The real part © of the ccoplex permittivity is then:

ERV NPT S R P

e =€, 3)

where g, is the permittivity of iree space, 8.854 tiaes 10-12 farads/
meter. ¥Yhen specified in this meomer, € ic the Bgs. (3) 2nd (2)

should be replaced, with appropriate subscripts, by:

] . &
e=egl{l-3——) ; ®)
o
or more simply, dDy:
. © N
d e=¢ ~3ig - ®2)

Here @ is the radio frequerpcy in radians per seond, apd tke effect of
conductance on the dielectiric properties is seean to be frequewcy-depen-

dent.
Usurlly only mediun 2 (ths ground) is lossy ond the permittivity of

mediun 1 is eguzl to that of free space, so that:

To
With the complex permittivity of medium 2 denoted by ( 52' -3 'ui) ami
. the permittivity of medium 1 by eo, we car use the definition of the

relative complex dielectric constant erc of medium 2 as:

i3 SEL-70-043



€
e =-2 {8
e eo
g 9
= —€— -3 ;E_ - (88.)
() o
Eguations (3) and (4) for the reflection coefficients then becore:
sin ¥, - £ - c052 ¥
1 ~NTre 1
S = ‘ , (9)
e L _ 2
sin ¥, + € . ~cos *i
!
€ e sin vl - FEe ~ cos @i
= ﬂ s (20)
v i
€  sin ¥, + N $1

for the cuse where only medium 2 is lossy and rmedium 1 has the permittiv-
ity of free space.
For conveniepce, the part EET o the coaxplex permittivity [see Eq.

{(6)] is defined by scze authors as:

a=— . {1y)

A sm211 value of "a”, much less thap 1, indicates that the loss in the
dielectric is not appreciable. Very high values of "a”, 10? and up,

indicate that the material is essentially a conductor. The variation of
"a" with frequency for various tvpes of terrainm is shown in Fig. 4. It

is apparent that most types of soil, especially at the higher frequencies,

are fairly low-loss dielectrics.

SEL-70-043 14




10.0

1 j L L A L I
9.0~ HORN's j A
8.0l APPROXIMATION SALT /
. 0CGD FOR LARGE o WATER
7.0 [REF. 22] ABOUT ~
50 TIMES
6.0 AS HIGH -
AS GOOD EARTH
50} -

FREQUENCY, f (MHz)

" n

Figure 4. Variation of "a  with frequency for various
types of terrain.
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Equations (8) and (10) have been programmed fox a computer, and
curves run for various conditions. Figures 5 and 6 show the reflection
coefficient, in amplitude and phase lag, for horilzontal and for vertical
polarization respectively. The curves are plotted for different values
of "a", with the dielectric constant €. held at 10. It is apparent
that there is a great difference between horizontal and vertical polar-~
ization. (Note the different scales in Fig. 6 than in Fig. 5.) Also,
Figs. 5 and 6 show that for small values of "a" the plots are close
togetnor, so that there is liitle effect on the reflection coefficients

n_1n

until "a  Dbecomes larger than 1. From Fig. 4 it is recalled that for
even the most highly conducting ground, "a" is not large compared to 1
over most of the EF range. Therefore, in this range, if an average value
of ground conductivity is assumed, and the actual conductivity is some-
what different, the reflection coefficients and the antenna patterns cal-
culated from them will be little affected. The principal exceptions to
this occur where the reflecting surface is sea water or where the ground
is covered by a cozducting screen. (These cases will be discussed in
Section K.)

The effect of variation in dielectric constant er, over the range
of values found in practice, is somewhat greater. Figures 7 and & again
are for horizontal and for vertical polarization. Here the parameter g

is held constant to bring out the effect of changing er. This subject

is discussed further in Section E.

Preceding page hlank
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D. THE EFFECT OF THE REFLECTION COEFFICIENTS ON ELEVATION-ANGLE
PATTERNS OF HORIZONTAL AND VERTICAL ANTENNAS

The elevation-angle directivity pattern of a simple anterna over
actual ground is computed in the usual manner, by vectorially adding the
direct 3ignal to the ground-reflected signal, assumed to originate at ar
image antenna below the reflecting surface by a distance equal to ;he
actual antennz height. Referring to Frigs. 5~8, the amplitude of the
reflected wave is not the same as that of the incident wave, hut is less
in proportion to the magnitude of the raflection coefficient found by
Eqs. (9) or (10) for the particular polarization and ground constants
and as & function of the elevation angls wl. Likewise, the phase lag
occurring at reflection is minus the phase angle of the reflection coef-
ficient obtained by solving Eq. (9) or Eq. (10) respectively.

Note that for vertical polarizatio?, at the elevation angle (the
"Brewster angle"*) for which the phase lag at reflection is 90 deg, the
amplitude of the reflected wave is a minimum. In the IIFf range and for
the usual types of ground, the Brewster angle is in the region of 15 to
18 deg elevation. As the elevation angle becomes low compared to the
Brewster angle, the reflection coefficient for vertical polarization
approaches that for horizontal polarization, and the ground reflection
behavior predicted by the perfectiy-conducting-ground approximaticn is
no longer obtained. When the incident wave has both horizontally and
vertically polarized components, they must be calculated separately be-

cause of the different reflection coefficients which apply. For average

*
More properly referred to as the "pseudo-Brewster" angle when the mini-

mum amplitude of the reflected wave is not small, say greater than 0.1
of the incident wave amplitude,

SEL-70-043 22




ground and in the HF range, the reflection coefficients may be taken

from the most closely applicable curves of Figs. 5 and 6, or of Figs. 7
and 8. Once the re{lection coefficienis have been obtained, the pattern
calculations can »e done manuwally. If a large number of patterns are to

be made, 1t wili be found helpful to use a computer.

E. THE DESIGN AFPROACH FOR MATCHING THE AMPLITUDE PATTERNS OF THE
UNEQUAL-HEIGHT CROSSEO ANTENNA PAIR

The object in desigring the antenna pair that is the subject of this
repert was to obtain at a reasonable cost horizcutally and vertically peo-
larized elevation-angle directivity patterns that would be as mucn alike
as possible and would ccver the frequency range 13 to 26 MHz with eleva-
tion angles from 25 deg down to as low as feasikble. Also, if an antenna
pair coulu be designed which did not need a ground screen, tkere would
be obvious advantages in reducing the requirement for real-estate acqui-
sition, the expense of ground screen materials and installation, and in
the availabiiity of the land for agricultural and grazing puarposes.

The antennas were conceived of as mounted at different heights in
order to compensate for the different reflecting properties of average
ground for vertically and horizontally polaxized incident waves. In the
resulting design, the heights were chosen to place the first (major) eie-
vation lobes of the two antennas to cover about 12 deg to 25 deg at 17
MHz (with somewhat higher angle coverage at lower frequencies and vice
versa), and to make these elevation lobes coincide as nearly as possible

for horizontal and vertical polarizations.
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Elevation puatterns were first computea for a shor. aorizontal dipole
and a short vertical dipole at a height of one wavelengthk (1)) over flat
terrain having ground constants er =10 and a = 3. Assumptions includes
(1) that the horizcntal antenna free-space pattern is non~directional in
elevation, and (2) that the vertical antenna directivity in free space is
proportional to the cosine of the angle of elevation. Figure 9 shows the
resulting computed amplitude patterns.

It is seen that the main (lowest) lobe of the horizontal antemna has
a simple pattern with a large maximum, because of the large amplitude and
nearly counstant phase of the reflected wave at elevation angles below 30

deg (see Fig. 5). For the vertical antenna, the nuse of the main lobe is

~~ Horizontally
polarized,
height = 1 }A.

— Vertically
polarized,
height = 1 A.

0.5
AMPLITUDE

Figure 9. Computed elevation patterns of equal-height, crossed short
dipoles over "good" ground.

SEL~-70-043 24



irdented a2t around 17 deg elevation, its maxioumr anplitude is ruch less
than that of the horizontal antenna, and the first null is at a conmsid-
erably higher angle. This is caused (as shown in Fig. 6) by the rapid
change of phase ¢f the reflected wave, nearly 180 deg between elevation
angles of 5 deg and 30 deg, and the fact that its amplitude decreases to
& minimum near an elevation angle of 17 deg (the Brewster angle) as the
phase of the reflected wave passes through 30 deg.

Bvy trial and error, the height of the horizontal antenna was dropped
to 0.71 waveleagth to meke the first null in its elevation pattern coin-
cide with that of the vertical antenna. The patterns of Pig. 10 resulted.
These show as good a2 ceincidence as possible beciween the major lobes of
the two patter.as. The coincidence remains good down ‘o quite low angles,
though of course the radiation efficiency of botk antennas declines. The
heights of 1 and 0,71 wavelength at the lowest desired frequency (13 MHz)
are equivalent to physical heights of 76 £t for the vertical array and 54
ft for the horizontal array.

With these physical heights, patterns were computed for 17 and 22
MHz, shown in Figs. 11 and 12, Quite a good match between the main lobes
is maintained over this frequency range; it is poorer at 28 MHz but still
usable (see Fig. 13). The match is also maintained to lower electirical
heights than 1 A\/0.71 )\ (see Fig. 14 for 10 }{Hz); but the performances
of the antennas at the lower elevation angles (which were of principal
interest) begin to suffer. Accordingly, the physical heights of 76 ft
(vertical antemna) and 54 ft (horizontal antenna) were adopted as a com-
promise--giving good pattern coincidence at lower frequencies, and good
low-angle coverage at the higher end of the HF band, while maintaining a

reasonable height for the supporting structure.
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05
ARPLITUDT

— Horizontaliy
polarized,
height = 34 ft

(0.71 }\).

— Vertically
polarizag,
height = 76 £t

(1.0 Q).

€. =10; o= 1072 nhos/m;

a=1.4.

Figure 10. Cooputed clevation patterns of unequal-height, crossed short

dipoles over “"good"” ground.

f = 13 MH=z.

10°

10°
0 0.5 10
AMPLITUDE

—— Horizontally
polarized,
height = 54 ft

(0.93 A).

— Vertically
polarized,
height = 76 £t

(1.31 ).

€. 10; o= 10-.2 mhos/m;

a=1.1.

Figure 11, Computed elevation patterns of unequal-height, crossed short

dipoles over "good" ground.
f = 17 MHz.
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—— Horizontally
polarized,
height = 54 £t

(.21 )).

— Vertically
polzrized,
height = 76 ft

(.70 A).

€.= 10; o= 10-2 nhos/m;
a = 0.8.

05
AMPLITUDE

Figure 12. Cooputed elevatica patterns of unequal-height, Trossed short
dipoles cver "gcod" ground.

f = 22 MH=z.

-- Horizontally
polarized,
height = 54 £t

(1.54 p).

— Vertically
polarized,
height = 76 £t

(2.16 2).

€. =10; o= 102 mhos/m;
a = 0.65.

5
AMPLITUDE

Figure 13. Computed elevation patterns of unequal-height, crossed short
dipoles over "good” ground.

f = 23 MHz.
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-- Horizontally
polarized,
height = 54 ft

(0.55 A).

— Vertically
polarized,
height = 76 ft

(0.77 N).

€.=10; o= 1072 mhos/m;
a = 1.8.

05
AMPLITUDE

Figure 14, Cocmputed elevation patterns of unequal-height, crossed short
dipoles over '"gooad” ground.

f = 10 MHz.

Thus far the approach is quite general; it is applicable to any tyne
of antenna which gives linear polarization, is operable independently of
ground connections, and has the bandwidth necessary for the applicationm.
Biconical dipoles were originally considered. However, horizontally po-
larized log-periodic antennas covering the desired frequency range and
having moderate directivity were already available at SEL. Based on this
experience it was decided to try to adapt them to the cross-polarized ap-
plication.

These antennas were erected at heights of 76 £t (vertical array) and
54 £t (horizontal array}, so that the elevation patterns of Figs. 10-13
(frequencies 13 MHz to 28 MHz) apply to them. (The sintended antenna fre-

quency coverage does not include 10 MHz, the frequency of Fig. 14.) The
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free-space directive patterns of the LPA's are not included in Figs.
10-13; but the main beam of this type antenna, in both the vertical and
horizontal planes, is broad enough (over *30 deg) that the shapes of
the main lobes ip Figs. 10-13 are not greatly modified by thz free-space
directionality of the antennas.

The patterns of Figs. 10-14 were obtained assuming a constant "high"
value of ground conductivity (¢ = 10-2 mhos/m) and a dielectric constant
€.=10. These characteristics relate to what has been called "good
ground.” As previously shown, the effect of variation in conductivity
in the nommal range is small (see Figs. 5-6); but variation of €r in
the range normally encountered needs further consideration. Figure 15
shows sample plots of the calculated elevation patterns cf the antennas
over ground having €r = 15 and er = 5, +while the conductivity,

0 = 10-.3 mhos/m, 1is sc low as to be insignificant. It is seen that,
while there is a noticeable difference in the pattern shapes (especially
the vertical) between €, = S5 and €, = 15, the matching between the
horizontal and vertical elevation patterns holds quite well.

For many purposes it is sufficient to know the amplitude relation-
ship between the horizontal and vertical components of the signals radi-
ated or received by the antennas. For other uses, such as circular po-
larization, it is also desirable that these components be as nearly equal
as possible.

The computed amplitude relationship between the signals radiated by
the horizontal and vertical antennas over "good" ground is plotted directly
in Fig. 16, for the same conditions as Figs. 10-13. It is shown that the

amplitude relationship is a function of both elevation angle and frequency;

the horizontal antenna tends to radiate more effectively at intermediate

29 SEL~70-043
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l
} 30° (a)
| v
l er = 15;
20° -3 .
g = 10 = mhes/m;
] = 0.09.
10°
1 o
o 05 10
AMPLITUDE
(b)
€. = 53

g = 10"3 mhos/m,

a = 0.28.

Joe
0 05 10
AMPLITUDE

Figure 15. Effect of dielectric constant ¢ on computed elevation
patterns of unequal-height, crossed short dipoles.

f = 13 MHz.

-~ Horizontally polarized, height = 54 ft (0.71 A\).
— Vertically polarized, height = 76 £t (1.0 A).
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angles, above 10 deg; while at the lowest angles the vertical antenna
has a slight advantage. At angles over 15 deg, the possible advantage
of the vertical antenna is very much a function of frequency.

If the elevation angle and frequency at which it is cdesired t> op-
timize the amplitude relationship between the horizontally and vertical;y
polarized components can be specified, Fig. 16 may be used to determine
the size of an attenuating pad to be inserted in the feed line to the
horizontal or vertical antenna as required. This possibility is discus-
sed further in Section 1V, Experimental Results, Subsection A. It may
be noted here, however, that experience so far tends to show that the
difference between horizontal and vertical antenna gains is only about
half as much as predicted by Fig. 16, and that a 2 dB pad inserted in
the horizontal feed line, or nc pad at all, are reasonable compromises

for general use.

F. PHASE REIATIONSHIP BETWEEN HORIZONTAL AND VERTICAL RADIATED SIGNALS

The computer runs which produced Figs. 9 thrcugh 15 also yielded
the phase of the resultant radiated wave~-that is, the sum of the ground-
reflected and directly radiated waves--relative to the phase of the di-
rect wave, as a function of elevation angle. Considering only the effect
of ground reflection, the phase difference between the resultant horizon-
tally and vertically polarized radiated signals tends to be zero at about
the center of the major elevation lobe. Their phases do not change at
the same rate across the lobe; Fig. 17 shows this component of phase lag
of the signal from the horizentally polarized antenna with respect to

that from the vertically polarized ome.

33 SEL-70~043
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120} “GOOD™ GROUND -
& =|0_2

e 310 * mhos/m

HORIZONTALLY POLARIZED ANTENNA: 54 ft

VERTICALLY POLARIZED ANTENRA : 76 ft

8O- -

50 -

40}

PHASE LAG OF HORIZONTAL ANTENNA (dey)

-20}

-40.—

1 i 1
0 5 10 15 20 25 30 35
ELEVATION ANGLE, y (degq)

Figure 17. Phase lag of radiated signal from horizontally
polarized antenna relative to that from vertically
polarized antenna, OMITTING the lag due to diffcrence
in antenna height.
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40— T T T L Y T

120}~ CONDITIONS SAME
AS IN FIG. 17

100}

€O

20

PHASE LAG UF HORIZONTAL ANTENNA {deg)
2

-60 H 1 H 1 1 J
(o) L] 10 18 20 2% 30 35
ELEVATION ANGLE, ¥ (deg)

Figure 18. Phase lag of radiated signal from horizontally
polarized antenna relative to that from vertically
polarized antenna, INCLUDING the lag due to difference
in anteuana height.
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Th~re is an additional phase lag in the signal from the horizontal
antenpa, due to the difference in height between the antennas and pro-
portional to the sine of the angle of elevation. The total phase dif-
ference including this term is plotted in Fig. 18, for “good" ground.

If the two antennas are to be used together to form a circularly
polarized array, it is necessary that the signals razdiated by the two
antennas nat caly be of equal amplitude, but also be in quadrature phase
relationship at the chosen frequency and elevation angle [Ref. 7]. It
would appcar from Fig. 18 that with a2 single phasing element such. as a
length of coaxial cable, guadrature phase cannot be maintained over a
wide range of frequencies and elevation angles. The phasing elemeni
must in general be chosen for a particular frequency and elevation an-
gle, though, as will be seen, it is possible to balance the various
factors to some extent to maintain the phase difference acceptably near

quadrature over a range of frequencies.

G. PHASING FOR CIRCULAR POLAKIZATION BY A LENGTH OF CABLE

The simplest wav to obtain the quadrature phasing is to insert a
suitable length of cable in series with one of the two antenna feed
lines (which otherwise are carefully made equal in electrical length).
The first experiments using circular polarization were done using the
length of cable in the feedline to the hcrizontal antenna.

It was observed later, however, that putting the phasing cable in
the vertical antenna feed line would tend to keep the phase difference
near quadrature over a wider frequency range. Figure 19 shows the phys-

ical length of extra cable needed to obtain quadrature phase at various
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elevation angles as a function of frequency, over "good" ground. The
velocity of propagation in the phasiaig cable is assumed to be 65.9 per
cent, which applies to all the usual 50 ohm polyethylene cahles such as
RG-17A/r and RG-8A/U, though not to foam dielectric or teflon cable.

The curves in Fig. 19 were discontinued where they began to curve
abruptly, that is, where the elevation angle at a given frequency began
to approach the first null above the major lobe of the elevation-angle
amplitude pattern. At greater elevation angles the phase difference be-
tween the horizontal zand vertical radjated fields (shown by the dotted
lines in Figs. 17 and 18} changes much more rapidly.

Within the range of the curves of Fig. 19, for any chosen elevation
angle the curve of cable length vs frequeacy tends to be fairly near
horizontal, so that for any one elevation angle between about 12 and 18
deg, a phasing line length can be selected which will give nearly the
correct phase over a large part of the frequency range. At lower and
nigher angles the phase variation over the frequency range is larger but
still reasonable. At a given point the error angle ¢© in degrees by
which the phase between the horizontally and vertically polarized signals
departs from the desired quadrature value due to an incorrect cable length

is

= 0,55¢ 1
¢ = 0.555 fMHz ze , (12)

where f“H = frequency in MHz and Ee = cable length error in feet.
MH=
For comparison, Fig. 20 shows the cable length required to ohtain

quadrature phasing when the phasing cable is inserted in the horizontal

antenna feed line. The required length of cable for a given elcvation
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angle and frequency is generalliy shorter, but the departure from correct

phase with change of Irequency is much more rapid.

H. DETERMINATION OF THE ANGLE OF EIEVATION

It remains to be determined what the correct arngle of elevation is
in a giver situation, so that Fig. i9 can be used to find the length of
phasing cable for circular polarization. The path length should be known,
as well as whether E-layer or F2-layer propagation is likely to prevail.
For single-hop distances (less than about 2000 km for E-layer and 4000
km for F-layer reflection) where the virtual height of the reflecting
layer is known at least approximately, the elevation angle may be found
from Fig. 21, or by use of the "Skywave Transmission Chart" by Prof. R.
A. Helliwell [Ref. 141.

The height of the E layer (either the normal daytime E or sporadic

- E) is fairly constant at about 110 km. The F2 layer height is quite
variable, being affected by the time of day, the season, the solar ac-
tivity and sunspot cycle, the frequency, and the latitude. The height
ranges from 250 to 450 km. Discussion of these variations and of the
multi~hop situation is beyond the scope of this report. For a first
rough approximation the F2-layer height may be taken as 325 km during
the day, dropping to 275 km at night. More detailed information is

contained in Refs. 15, 16 and 17.
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I. AZIMUTHAL COVERAGE OF THE CROSS~-POLARIZED ANTENNA

In the case of the cross-polarized LPA array which has been
discussed so far, pure horizontal polarization is only available along
the azimuthal axis of the array. At azimuth angles c¢ff the axis the
horizontal antenna output contains an increasing amount of vertical
polarization. At 90 deg from the axis there is an essentially compiete
null for hcrizontal polarization, so that all the radiated energy is
vertically polarized. This means in praciice that the antennas should
be pointed as exactly as possible in the desired azimuthal direction of
propagation, or at least withir *20 deg of it, in order to obtain gocd
purity of the horizontally polarized output or good circularity in the
circularly polarizad outputs. If wider azimuth coverage is needed, it
will be necessary to use antennas which individually have the necessary
azimuth coverage and which maintain essentially pure horizontal or ver-
tical polarization over the azimuth sector. If these antennas are of
types whose radiated phase is a function of azimuth angle, such as turn-
stiles, care must be taken that the phases of the horizontal and vertical
arrays vary with azimuth in exactly the same manner.

Cne interesting possibility would be a single vertical coaxial di-
pcle. with a small horizontal loop antenna at a height 0.71 of the height
to the center of the vertical antenna. The horizontal loop would have to
be small enough so that its circumference is short in terms of wavelength;
thus the radiated signal phase would be essentially independent of azimuth.
Such an arraugement could provide circular polarization at all azimuths.
The low impedance of the loop and the variation of its impedance with

frequency would tend to make this a narrow-band devicec for transmitting.
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For receiving applications, an unftuned balanced loop, combined with
a preamplifier circuit having complementary frequency 2esponse over the
2 to 32 MHz range, is made by EMI Electronics Canadu Ltd. and used in
their Model 8E13 and related types of arrays. JIt¢ would appesr that the
combination of one of these loops mounted horizontally, with a coaxial
vertical dipole broadvanded by the usual methods and mounted above it,
would provide omnidirectional coverage and circular polarization over a
wide frequency range. (The cverall pbase characteristic of the locp and
preamplifier would have to be ccnsidered; however.) A combination of a
horizontally mounted loop with a vertically mounteu loop above it would
also be useful, though cross-polarized patterns wouid only be obtainea
in the plane of the vertical loop. In either case it should be possible
to drop the feedlines »>f both antennas straight down the supporting pole

without any problems.

d. PHASING FOR CIRCULAR POIARIZATION BY LUMPED-COMNSTANT NETWORKS

It can be seen from Fig. 19 that for any selected length of phasing
cable in the vertical antenna lead, the elevation angle corresponding to
quadrature phasing tends to rise with fraquency. This is especially true
outside the 12 to 18 deg range. This is not altogether a bad thing, since
the virtual height of the reflecting layer in the ionosphere also tends
to rise as the frequency is increased toward the maximum usable frequency
(MU'F). Thus a chosen length of phasing line might give = better approxi-
mation to the phase for circular polarization over a giver path than Fig.
19 would imply. The correspondence is not exact, however; the rise in

virtual height with frequency under a given set of conditions is more
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rapid as the MUF is approached, wnhile the greatest downward slope of the
curves in Fig. 19 tends to occur over the lower part oi the fregquency
range.

It is well known that pairs of lumped-element phase networks can be
found, which will approximate any continuous curve of phase difference
vs frequency as closely as desired [Refs. 18, 19]. It should therefore
be possible to obtain a closer approximation to the desired curve than
is afforded by the curves of Fig. 19, by the use of a properly designed
pair of lumped-element phase networks in the horizontal and vertical
feedlines, or by a combination of such networks with a coai_al-cable
phasing line. For the present application; the phasing networks should
be virtually lossless, containing only reactances and transformers. Ex-
amples of usable phasing sections are shown in Fig. 22.

Considering the number of approximations in the theory, the use of
such lumped-constant networks to obtain better phase compensation than
that of Fig. 19 would hardly be justified unless some means of actually

measuring the circularity of the radiated patterns could be implemented.

K. OPERATION OVER WATER OR GROUND SCREEN

The particular arrangement of cross-polarized antemnas which has
been described is intended for operation over ordinary ground. It has
been shown that the matching achieved between the horizontal and verti-
cal elevation patterns ir phase and a.plitude is not very critical with
respect to the parameters of the ground within their usual range.

It might occur, however, thac the available land is already covered

with ground screen, or that the ground is quite irregular so that the
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installation of ground screen would be considered in order to obtain a

more uniferm reflecting surface. Or, it might be desired to operate :
with fresh or sea water as a reflecting surface. The reflecting prop-
erties of such surfaces are quite different from those of bare ground
and reguire further consideration.

The reflection coefficients and pv for sea water having

Ph
conductivity o = 4 mhos/m at 13 and 27 MHz are shown in Figs. 23 and
24, 1t is apparent that the curves in these figures resemble the curves
of Figs. 5 and 6 for a highly conducting medium, having a = 527 > 102.
For the vertically polarized case, the Brewster angle is well below 2 deg.
For horizontal polarization, it ic seen that the commonly used approxima-

tion =1 / 180° is quite good in this case.

%
The reflection coefficient for fresh water having conductivity

0= 10_2 mhos/m at 18 MHz is shown by the curves for ;sr = 80 in Figs.
7 and 8. The conductivity of fresh water varies over quite a range, but,
except for the very highest values of ¢ at the low end of the HF range,
it can be seen that a = GgT << 1 and the exact values of ¢ and W
are unimportant. Thus for our purposes fresh water is a low-loss dielec-
tric and the curves for er = 80 in Figs. 7 and 8 may be used. For ver-
tical polarization the null at the Brewster angle is quite deep and occurs
around 6 deg z2levacvion., For horizontal polarization, the approximation

Oh =1 / 180° is not met as well as over sea water, but it is good enough
for many purposes.

When the reflecting surface consists of ground of finite conductivity

and dielectric constant, covered by a ground screen of finite extent, the

situation is more complicated. Reflection coefficients can be found for

the ground covered by the screen, and for the ground outside the scréen,
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but there will be a discontinuity in the reflection coefficient at the
edge of the screen,

It must now be considered that the part of the ground which con-
tributes to refleqtion in a given direction is not merely a single point,
but an area defined by the first Fresnel zone around the point of specu-
lar reflection. The radiating element wiil be at some height h above
the ground, and in general it can be seen that for sufficiently high el-
evation angle V¥ the reflecting zone will be entirely on the screen,
and for sufficiently low ¢ the zone will be entirely on the bare earth;
but for intermediate angles the zone will be vartly on and partly off the
screen. The range of angles over which the transition from screer to no-
screen conditions takes place will depend on the antenna height h, aud
on the shape and extent of the screen.

Calculation of antenna patiterns for such cases has been considered
by a number of authors, for example Refs. 20-28. Arens [Ref. 211 con-
cludes from other references that effects such as diffraction and reflec-
tion occurring at the edge of the screen are small and, from an engineer-
ing standpoint, may be neglected. Thus it might be expected that the
elevation pattern of an antenna over a finite screen would show a smoozh
transition-from the peattern with infinite screen at high angles to the
pattern with no screen at low angles.

Calculation of such antenna patterns is beyond the scope of this
report. The reflection coefficient of the infinite screen will be con-
sidered, however, since from this a first-order estimate can be made of
what a finite screen will do to the patterns of the crossed antenna pair.
The derivation of these reflection coefficients is given in Appendix A.

Figure 25 gives the reflection coefficients for vertical polariza-

tion for a 1-foot-squarxe mesh of #12 wire, for a 2-foot-square mesh,
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and for no mesh, over "good" ground having €. = 15 and g = 10_2 mhos/m
at a frequency of 13 XHz. Figure 26 shows the same mesh over "poor"
ground of € = 4 and g =5 X 10-4 mhos/m, still at 13 MHz. The ef-
fect of frequency is shown in Fig. 27 by plotting the 2-foot mesh over
"good" ground at 13 and 27 Miz.

Curves were also plotted for horizontal polarization, but are not
reproduced here; it was found that the reflection coefficient was close
to 1 / 180° for all the ground-screen cases, and this approximation
can be used for engineering purpocses.

Figure 28 compares the computed amplitude patterns in elevation for
horizontally and vertically polarized anrtennas of 54 and 76 ft, respec-
tively, cver fresh water. The Brewst:r angle is lower than over ground,
about 7 deg, and it is seen that the indentation of the main 1 .be.is more
pronounced and occurs at a lower angle than it does over ordinary ground.
The amplitude coincidence of the patterns is otherwise not too bad, and
it appears that the crossed-antenna pair over fresh %wat.- weculd be useful
for a few applications. The phase charuacteristic of the vertical antenna
would be expected to be affected substantiaily in the vicinity of the
notch and minor lobe below about 15 deg, so that operation with circular
polarization would not be practical. At hicher angles it might be feasi-
ble, buv the phasing cable iength would likely be different than over
ordinary ground.

Horizontal and vertical patterns over sea water are shown in Fig. 29,
Sea water is a nearly ideal reflector, <o that the amplitude nulls and
maxima in the pattern become very pronounced. What was merely a small
indentation of the nose of the vertical pattern over ordinary ground be-

comes a deep null over sea water; it is apparent that the amplitude
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-~ Horizontally
polarized,
height = 54 ft

(0.71 ).

— Vertically
polarized,
height = 76 ft

(1.0 2).

f = 13 MHz.

05
AMPLITUDE
Figure 28. Computed elevation patterns of unequal-height, crossed short

dipoles over FRESH WATTR.

€. =80 d=5X% 10~ mhos/m.

—- Horizontally
polarized,
height = 54 ft

(0.71 )).

— Vertically
polarized,
height = 76 ft

(1.0 A).

f = 13 MHz,

0.5
AMPLITUDE

Figure 29. Computed elevation patterns of unequal-height, crossed short
dipoles over SEA WATER.

€. = 80; o = 4 mhos/m.
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-- Horizontally
polarized,
height = 54 ft

0.71 )

— Vertically
polarized,
height = 76 ft

(1.0 A).

f = 13 MHz.

05
AMPLITUDRE

Figure 30. Computed eievation patterms of un=squal-height, crossed short
dipoles over "GOOD GROUND COVERED BY GROUND SCREEN.

e =15; o = 1()-2 mhos/m; #12 wire, 2 ft mesh.
T

coincidence between the patterns is very poor, and the use of this par-
ticular design of crossed antennas is not recommended over sea water.
The horizontal and vertical patterns of the crossed antenna pair
over "good" ground covered by a 2-ft mesh screen are given in Fig. 30.
This surface, while much closer to an ideal reflector than ordinary
ground, is not as good as sexz water. The Brewster angle is well below
10 deg. There is a pronounced null at iC deg and a minor lcbe below it;
the amplitude matching is passable over only a narrow range of elevation

angles, and the phase matching is likely quite poor.
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2 In summary, the crossed antenna pajr with heights of 54 ft (hori-

zontally polarized antenna) and 76 ft (vertically polarized antenna),

while a fairly good compromise design for use over ordimary ground, is

not recommended for operation over fresh water, sea water, o ground

W covered by a conducting screen.
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111. PHVSICAL DESIGN COXSIDERATICNS: ANTENNA CONSTRUCTION AND OPERATION

- A. SITE AND STRUCTURE

The antenna should be erected on as flat and level a site as possible.
The ground in front of the antenna, over a sector at least 20 degrees on
either side of the direction or directions of aim, should be flat out to

at least 2 distance given by

d = h cot ¥ (13)

where d = distance,

[~
]

height to center
of upper antenna

¥ = lowest aigle of ele-
vation to be used.

and preferably twice as far. Figure 31 shows the situation. This fore-

- ground should be clear of large conducting obstacles such as wire fences,
power lines, other antenpas, etc., whose largest dimension exceeds one
quarter wavelength at the highest operating frequency. The horizon angle
seen by the antenna should not be greater than V.

As has been discussed in Section II-K, no ground screen is necessary
or desirable for proper operation of the antenna.

The antenna structure, an example of which is shown in Fig. 232,
should support tke upper (vertically polarized) anten.aa at 76 feet above
grade, and the lower (horizontally polarized) antenna at 54 feet, while
providing for some adjustment in azim‘th. At least that portion of the
structure which extends above the lower antenna should be nonconducting,

to avoid interfering with the radiation pattern of the vertical antenna.
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Figure 32.
polarized antenna pair.

61

Prototype installation of the unequal-height cross-
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Further details of antenna construction and installatior are given in

Appendix B.

B. SENSE OF ROTATICN A¥D FEEDLINE LENGTH MATCHING FOR CIRCUIAR
POLARIZATIOXN

When tbe two antennas are assembled (refer to Appendix B), it will
simplify matters if care is takem to feed the céble through the same side
of the phasing line for both antennas. Then the outer conductor (braid)
of the feed cable must be coonected back to the same phasing line that
the cable emerges from, and the center conductor of course goes te the
other phasing line. ¥hen these things are done, if the two antennas were
to be erected side by side and fed with identical-length linmes, they would
radiate in phase. However, the upper antennz nust now be twisted 90 deg
to orient its elements vertically; -et us assume that, looking at the an-
tennas from behind, the upper antennz is rotated 90 deg clockwise.

The proper phase relaticnship for circularly polarized radiation at
a chosen elevation angle znd Irequency may now be obtained by feeding the
two antennas in suck phase that the radiated signal from one lags the °
otL>r by 90 degrees [Ref. 7). Let this phase relationship be obtained
by inserting a length of cable in the feed line to the vertical antenna
as already described in Section II-G. (As noted, this connection tends
to maintain the phase close to optimum over a wider frequency range.)

By the accepted definition given in Ref. 7, the sense of rotation
of a circularly polarized transmitted wave is the direction in which the
electric vector is seen to rotate when viewed from behind the antenna,

looking in the direction at which the antenna is aimed. With the assumed
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conditions and for an elevation angle and freguency within the range of
the curves of Fig. 19, it will be seen that a trunsmitted signal going
positive at the left end of the horizontal antenna will be followed 1/4
period later by a signal going positive 2t the top end of the vertical
antenna. Therefore the electric vector is seen to rotate clockwise, and
right-hand circularly polarized output will be transmitted. By 2 siniliar
line of reasoning, a right-hand circularly polarized wave will be received
fron the direction at which the zntennz is pointed [kef. 7).

The usual wzys of connecting a trancmitter or receiver to the two
feed lines are shown in Fig. 33. Horizontally and verticaliyv polarized
outputs are available with the connection of Pig. 33(z). TFeeding the
signal into the sum terminai of a sum-difference hybrid as shown in Fig.
33(b) will give in-phase outputs at the A and B terminazls, so that the
direction of rotation of the circularly polarized radiated sigmnal can be
determined as above. Putting the signal into the difference terminzl is
equivalént to reversing the phase out of one of the two outputs, there-
fore it produces the opposite sense of rotation of the radiated signal.
For transmitting, 2 dupmy load should always be connected to the unused
hybrid terminal as shown. For receiving, both right and iIeft hand circu-
larly polarized outputs are available simultaneously at the sum and dif-
ference terminals, as in Fig. 33(c). The mounting and connection of the
antennas must be analyzed as above tec determine which is which. It is
also important to note that after the vertical radiation pattern of eith-
er of the antennas passes through a minimum, one could find that the ver-
tically polarized radiation would lead by 90 deg, thus reversing the def-
inition in Fig. 33. The latter will nct occur if the operation is con-

strained within the range of the curves in Fig. 19.
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Two power splitters may be added 2s in Fig. 33(d) to give simulta-
reous right circular, left circviar, horizontally and vertically polar-
ized outputs to receivers.

Coaxial relays may of course be connected tn switch the feed lines
between the various polarizations. For transmitting, these should be of
tae vacuum type and of adequate power capability. It is advisable to
arrange the switching so that RF power is automatically shut down while
the relays are being switched over. Matching of the lengths of the feed-
lines should be carried out when the antenna is ;nstalled or whenever a
line is changed; one inck of line has a phase shift of about one degree

at 20 MHz. The matching procedure is described in Appendix B.

C. OPERATION

Practically all the information needed to operate tEke antemna has
been given in the previous sections. It will be summarized here for

convenience.
1. The horizontal and vertical arrays should be aired as exactly
as possible in the direction of transmission or reception.

2. The two array feedlines should be connected as in one of the
arrangements of Fig. 33 to obtain the desired polarization(s)

for transmission or reception.
If circular polarization is to be employed, proceed as follows:

3. The expected height of the reflecting layexr at the point of
reflection (mid-path in the case of a one-hop path) should be

determined by the best availabie means (refer to Section II-H).
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4. The elevation angle ("take-off angle") of the sigprals should
be detzrmined frcm the distance and the layer height estimate

by use of Fig. 21 or by equivalent means.

3. The proper length of cable for the elevation angle and operat-
ing frequency should be found from Fig. 19 and connected in

series with the feed line to the vertical antenna.

6. The relative amplitudes of the antennas at the given frequency
and elevation angle should be made as nearly equal as possible,
if necessary by imserting an attenuating pad in the feedline

to one of the éﬁtennas as discussed in Section II-E preceding.

D. PERFCRMANCE

1. Specifications:

(These are taker from the manufacturer's literature on the

LP-1007 antenna.)

Frequency range 13 to 30 MHz

Power rating 2 kW average. (This may be
modified by the maximum
power rating and attenua-
tion of the feed line used.)

Forward gain, nominal,
over average soil 13.5 dB

Beam width (half power,
average in free space)

E plane (parallel to 60°
the elements)

H plane (perpendicular) 125°
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2. Measurerents:

if . VSWR: (Max. rated 2:1) Typically 1.5:1 averaged over the

frequency range; see Pig. 34.
2 FEEDLINE 1ENGTH MATCHING: Typically % one inch.

CROSSTAIK: 40 dB or more over most of the frequency range;
g see Fig. 35. XNOTE: The measured 40 dB isolation between the crossed
- antennas is substantiélly more than that estimated by Bhonsle and
Howard for a2 VHF crossed pair of LPA's on a single boom (25 dB). This
is probably due to the physical arrangement, whereby the axes of the
3 two LPA's are separated by 22 £t; the ends of the vertical antenna do
1 not approach the horizontal antenna more closely than about 3 £t, and

then are in the peutral plane of the horizontal antenna.
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IV. EXPERIMENTAL RESULTS (COMPUTED AND ACTUAL)

f? There is not a great deazl of information availzble as yet on the
- z2ctual perforzance of these antennas. Such measurements and tests as
- ' have been nmade tend to confirm that the perfiorzauce of the antennas is

feasonably in accord with theory.

do droatg At oy

.
Xy

VPrasrs ¥
¢

A. AMPLITUDE REIATIONSHIPS

&

Froa the cozputed elevation patterns of Figs. 9-12 it appears that

.4“5"»‘,1. ‘1.

the horizontal a2ntenna has z greater aéplitude response than fhe voerti-

cal, over most of the lowest elevatiorn lobe. The anplitude relationship
~  is plotted directly in Fig. 16 for the saze conditions as Figs. 9-12.
3 It is seeﬁ that the applitude advantage of tﬂe horizontal antennz
is a fug;tion cf both elevation angle and freguency; at the lowest ele-
vation angles the vertical antenna has the wdvantage. When making com-
parisongi fherefore; it is necessary to know as exactly as possible the
elevaticn angle %hich applies. Also, when making thé comparison, it is
not easy to be sure what the relative field étrengths of the horizontal

and vertical components of the arriving signals are; it is not unusual

for one of the polarizations to predominate over the other for seconds

e ke

or minuates at a time. Figures 36 and 37 illustrate the voint. These

records were taken with a setur like that of Fig. 33(d). A single re-

3 ceiver was switched between the horizontal and vertical antenna outputs,

< ' to insure that the gain was the same for both (while another receiver
was switched between the two circular polarizations). The receiver was

switched 6 sec on horizontal, 4 sec on vertical. Timing marks along the
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boitom of the record further identify the veriical interval. The received
signal was from WWV, Fort Collins, Colorado, om 15 MHz.

Figure 36 ic a record taker at a time when F-layer propagation exis-
ted; from ionosonde data the height of the refiectiing layer was estirmated
at 280 km, giving an elevation angle (from Fig. 19) of about 17 deg for
the received signal. From Fig. 16 an advantage of about 5 dB for the
horizontal signal would be expected, but measurement of the traces of
Fig. 36 shows an average advantage of 9 to 190 dB.

On the other hand, Fig. 37 was taken the next morming at z time when
E-layer propagation predominated. The height of the reflecting layer was
about 115 km, so that the elevation éngle was approximately 5.5 deg. Fig-
ure 16 shows an expected horizontal-signal advantage of about minus 1 dB
in this case; but the horizontal signal mezsured from Fig. 37 averages
about 8 dB less than the vertical signal.

Figure 38, however, shows a situation in which the incoming signal
evidently was essentially lirearly polariéed, with the plane of polariza-
tion rotating about once in two minutes; presumably the horizontally and
vertically polarized field strengths averaged over several rotations would
be substantially equal. Again F-layer propagation existed, with the ele-
vation angle of arrival estimated at 17 deg, and it would be expected from
Fig. 16 that the horizontally polarized signal would be about 5 dB strorger.
Averaging the levels of the signals in the record of Fig. 38 shows the hor-
izontal signal to be about 2.3 dB stronger. This is fairly typical of ex-
perience to date with the antennas; it appears that the horizontally polar-
ized output does average highexr over long periods of time, but not always
as much as 4 or 5 dB; the range is generally O to 4 dB with an average asi-
vantage of perhaps 2 dB. Figure 16 thus appears to be a little optimistic

in predicting the increased signal level from the horizontal antenna.
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For circular polarization, it is desirable that the signal levels
from the two antennas be as nearly equal as possiple. Some improvement
under average conditions might be cbtained by putting =2 2 dB loss pad in
the feedline to the horizontal antemna. This has ot been done in the
observations to date, however, and more experience is neeéed in. this re-
spect. if, under a particular set of conditions, the elevation angle at
which circularity was to be optimized were known, it would seem reas;n—

able with present knowledge to select an amplitude equalizing pad to cor-

rect for about half the amplitude advantage predicted by Fig. 16.

B. ROTATION OF THE PIANE OF LINEARBY-PbIARIZED IONOSPHERICALLY-
PROPAGATED SIGNALS

Experiments were performed by Epstein [Ref. 5] during Harch ard
April 1967 to confirm the existence of polarizatiom rotation with fre-
quency. High-frequencv oblique soundings were made by the FNCY method
[Ref. 28] over a path from Lubbock, Texas to Stanferd. Amplitude-vs-
frequency records of individual modes of propagation were cbtained.
Figures 39, 40, and 41, reproduced from Refs. 5 and 6, ére typical of
the results.

To obtain Fig. 39, a single receiver was switchedialternately be-
tween the horizontal and vertical outputs of the cross-polarized antepna
at Stanford. The resulting record demonstrated that when a sigoeal null
appéars at a given-frequency on one of the linearly-polarized antennas,
a ‘signal maximum appears at the same frequency on the orthogonal antenna.
This suggested that (1) the inceming sigval was linearly polarized and

(2) the plane of polarization was rotating with frequency. The latter
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Figure 39. Amplitude versus frequency behavior of the one-hop Jower ray
during antenna-switching experiment. (From Epstein, TR 143, Stanford
University.,) .

k! Y S SO SUN I N SUNEUN EDUUUTE SN SN SN £ 1
4 6 18 20 22 24 26
HORIZONTAL _____FREQUENCY {MHz)___ ,

]

Figure 40. Results of the two-receiver experiment., (From Epstein, TR 143,
Stanford University.)
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E idohogram made from the signals received on the horizontally-polarized

[ 3 Figure 41 shows a set of four ioncgrams resulting from this experimeat.

f polarized incoming weve, with its plane of polarization rotating with
3 frequency, is correct. -
; C.  SKIP-DISTANCE FOCUSING

b If the field strength of an ionospherically-propagated wave is plot-

L~ SEL-7G-043
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-simultaneously in this manner are presented in Fig. 40.

chart recorded éignal can be compared "blob for blob

78

effect was clearly shown, however, only in the slow-rotation region at

* 4 the left (low frequency) end of the record.
Accordingly, an experiment was performed using two receivers to
c receive simultaneously on the horizontzl and vertical antennas. The

amplitude~vs-frequency characteristics of one-hop lower rays received

antenna is also shown. The amplitude of the horizontally-polarized

ionogram record. Also, comparison of the horizontal and vertical chart
recordings shows more clearly that a null on one Tecord corresponds to
a maximum on the other for all frequencies of the one-hop lower ray.

in 2 third experiment, signals were received simultaneously by four
receivers connected to the antenna set up as in Fig. 33(d) for horizon-

tal, vertical, right-band circular and left-hand circular polarizations
i The rulls appearing on the records from the linearly-polarized antennas

do not appear c¢n those made from the circularly-polarized outputs.

is what would be expected if the assumption of an essentially linearly-

ted in the vicinity of the "skip distance” (the distance within which, at

the particular frequency in use, the ionosphere does not return the signal

B b e e U PSS

Part of the

with the oblique
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to the earthj), the variation of signal strength with distance in the
absence of the geomagnetic field woq;dﬂbe expected to be as shown in Fig.
42, W?thin the skip distance the signal level falls off rapidlwr, while
in the illuminated zone the signal strength varies more or less periodi-
cally over about a 10 dB range. These var.at.ons are caused by interfer-
ence between the lower and upper (Pedersen) rays. The largest iaximum
signal strength at the focusing edge just inside tke skip distance typi-
cally is 6 to 9 dB larger than the average signzl level well within the
iiluminated zone.

ii the signal level is recorded during a sunrise or sunset transi-
tion, as the focusing edge passes through the receiving location the
pattern of signal strength with respect to time would be very similar -
to Fig. 42. This simple behavior is not often seen in nature for two
reasons:

(1) The ionosphere is often in a state of flux which obscures

the predicted pattern, and

(2) The presence of the geomagnetic field splits the transmit-

ted wave into two compenents which follow separate paths,
and which individually are more or less circularly polar-
ized with opposite senses of rotation.

Figure 43 showe two superimposed records actually obtained frcm ihe
right- and left-circularly-polarized outputs of the antenna at Stanford,
showing the morning onset of one-hop F2-propagated signal (WWV on '15 MHz)
from Fort Collins, Colcrado. The skip distance for the extraordinary raiy
is the shorter of tne two. Thus, in the morning, the extraordinary sig-
nal is detected first. Since it is more or less completely circularly

polarized, it is received best by a circularly polarized antenna of like

rotation sense.
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‘the rms field in the neighborhood of the skip
distance.

(After H. Bremmer, 1949, Fig. 72, Terrestrial
Radio Waves, Elsevier Publ. Co.).

Figure 42, Variation of signal strength with
distance in vicinity of "skip dis*ance.”
(See Ref. 21.)
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'The separation of the extracrdinary a2pd ordinary cooponents by the
antenna was not coaplete, so that the exfraordinary rz2y does appear some-
what (lower trace in the center portion of Fig. 43) in the output of the
antenna which is supposed to be sensitive only to the ordimary ray. It
is seen that the other ;utput, supposed to be sensitive te the extraordi-
nary ray, favors this ray by about 10 dB, showing that the antenna pat-
terns were elliptical rather than truly circular.

Comparing the expericeatal record of Fig. 43 with Fig. 42, which is
a theoretical c¢ilculation based on wave theozy, it is seem that the two
gatterns are renarkably similar when allowances are nmade for the effect
of the geomagnetic field on Fig. 43. Apparently during this transition

the ionosphere was unusually calm; so that the predictions of the simple

theory could .be validated.

£

. D. OCEAX BACESCATTER

In addition to the experiments performed over one-way oblique paths,
the second authoé of this paper (Barnum) has obtained some interesting
results in backscatter experiments which used the crossed-LPA system.
[See also Ref. 30.] T-e transmitter was located at Lost Hills, Califor-
nia and fed 5 kW into one or the other (or both) of the crossed LPA's,
which were aimed westward tc illuminate the Pacific Ocean. The receiver
was located at Los Bafios, Califorpia, and used a 256-element, 2.6 km ap-
erture array, whose 6 dB beamwidth was of the order of 0.5 deg. It has
been found that this peamwidth is narrow enough that modulation of the
backscatter amplitude caused by polarization rotation in the ionosphere

can be observed. Thic effect is a function .f both range and frequency,
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and is almost never seen during the summer. An snalysis of polarization
rotation effects on the amplitude of backscatter from the sea is presen-—
ted in Ref. 30. A brief expianation cf the effect will be given here to
explain the application of the crossed LPA system.

An example of the data obtained is shown in Fig. 44. The data are
presented in the form of backscatter group time delay vs radio frequency,
where the relative amplitude is shown as a density modulation. The dy-
namic woinge of this display is about 10 dB. Each record shown differs
from its neighbor by 30 sec. On aliernate sweeps, the transmitted polar-
ization was switched from vertical to circular as denoted bemeath each
irame, while the receiving polarization was always vertical. However,
the circular polarization actually transmitted was in general not per-
fectly circular, but elliptical. Theoretical computer calculations
showed that "matching” the ionosphere’s limiting polarization (beneath
the E region) requires mearly circular polarizaticn. However, calcula-
tion of the antenna patteras for the phasing line in use showed that the
transmitted polarization was approximately circular for only certain re-

gions of the data. Assuming an average ground underneath the antennas,

, it was calculated that the areas of circularity lie at the bottom of the

data betwe>n 16 and 20 MHz, and at the very top between 22 and 25 ¥Hz.
Thus, the polarization changed from nearly circular at the bottom, to
linear (but nct necessarily vertical) in the middle, to nearly circular
at the top (with the sense of rotation reversed).

The families of lines of signal enhancement which appear most clear-
ly in the data for vertical polarization may be understood (approximately)
from the following model: The transmitted wave may be viewed as splitting
into two oppositely~rotating circularly polarized waves in the ionosphere.
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These waves travel cver different paths to the sea surface. Since the
scattering properties of the sea are primarily vertically polarized, the
circular waves frcm the transmitter are linearly polarized after reflec-
tion, and these backscatter signals also excite circular wzves in the
ionosphere. It was shown by Barnum [Ref. 30] that the receiving antemna
then combines (in general) four circularly-polarized waves——-two left-
handed and two right-handed--at each discrete time delay, azimuth, and
frequency. Since the time delays of the four modes are equal, the scat-
tering of the individual modes takes place at different ground ranges
separated by approximately 500 m. When the four circular modes add at
the receiver, the resultant may be consi&ered as two linearly-polarized
waves which have undeygone & polarization rotation. gince the net rgta—
tion changes with both time delay and frequency, there are contours of
constant polarization in the range-frequency display. For the monostatic
sounder, the contours of maximum amplitude coincide with the contours of
constant vertical polarization. (It should also be mentioned that if
the sea scatter were not polarization-selective, the contours of signal
enhancement should still be visible, but would be double in number. See
Ref. 30.)

Although the sounder was assumed above to be monostatic, very simi-
lar results should be obtained for the bistatic configuration actually
used. It will be found, howevesr, that the polarization characteristics
over the transmit and receive paths (along the narrow receive bearing)
are different. The net effect is that the spacings of the "polarization
lines" will vary with range and frequency in a different manner than for

the monostatic case.
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The datz of Fig. 44 show that when the transmit polarization is
swi.ched to nominally circular polarization the character of the lines
changes markedly. 1In fact, nearly %5 per cent of the lines are elimina-
ted, as clearly seen in the frequency region between 22 and 25 Mz, in
the upper half of the figure where the transmit polarization was expec-
ted to be nearly circuler. These results tend to confirm, but}do not
prove, that the polarization was reasonably c;rcular, since the backscat-
ter results are much more difficult to interpret than the one-way data.
However, it can be shown [Ref. 30] that if the polarization rotation is
eliminated over one of the bistatic paths, the backscatter amplitude
fluctuations should be less steep near the amplitude peaks—-approximately
as when comparing cos> @ to Jcos @], where the polarization rotation
angle, §, varies with rapge and frequency. Heﬂce the lines could be
broadened out, while maintsining nearly the same spacings, making them
more difficult to resolve. It also appears from other work that ocea-
sionally the polarization rotation varies over the length of the 2.5 km
receiving array, causing the integrated (net) received polarization to
be random; this is a rare occurrence, however. One could therefore ex-
plain the observed behavior of the lines in Fig. 44 when the polarization
is switched, by assuming that the crossed LPA antenna behaved as expected.

Further results are presénted in Fig. 45. The arrangement was very
similar to that of Fig. 44, except that a very narrow (240 kHz) frequency
sweep was used, and the receive bearing was 10 deg north of due west.

The deta are viewed as if pulses were transmitted whicﬁ had a 240 kHz
bandwidth, with time progressing to the right. Every 10 sec, however,
the transmit polarization was switched between vertical and horizontal.

The "bars" of signal enhancement with range are a slice taken from line
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families similar to Fig. 44. The data show that the amplitude fluctua-
tions are due to polarization rotation. Moreover, it is clear that po-
larization characteristics of the twc LPA elements are well defined.

The resulis of Figs. 44 and 45 show that the crossed LPA system has
practical application in backscatter studies, in that the magnitude of
the return may be adjusted either to show less marked contours ("circu-
lar" polarization), or to obtain ephanced return at ranges where former-
1y the backscatter was a minimum (switched linear polarization). The
results over a one~way path clearly would be analogous, although such‘a
large receiving antennz wouid not be required to realize the effectiveness

of polarization control jin the one-way circuit.
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V. SUMMARY AND CONCLUSIONS

A requirement existed for a pair of HF antennaﬁ having orthogonal
pélarization, and amplitude and phase characteristics reasonably well
matchkied over the range of elevation angles useful for ionospheric prop-
agation over long paths. Jow cost, simplicity of imnstallation and min-
imum requirements for space and ground scrzen were considerations.

It was necessary in the\evaluation of various antemnas to consider
the actual refiecting properties of real ground for horizontal and ver-
tical polarizaticn, rather than the idealized properties which suffice

for many other purposes.

The design proceSs which led to the selection of the unequal-height

cross-poierized antenna pair has been outlined, together with the various

theoretical and practical considerations which apply., It has been shown
1.ut the antenna pair selected, when operated over ordinary ground, can
provide horizontally and vertically polarized patterns which are fairly

well matched over the upper part of the HF range. Means of combining

the horizontal and vertical antennas while maintaining the proper phase

relationship for approximately circulayr polarization have been described.

It has been shown that an acceptable degree of matching for circularity
of polarization can be obtained for chosen elevation angles within the
main lobe of the elevation pattern, and over a range of frequencies.

It has also been shown that the operation of the antennas is little
affected by the parameters (dielectric constant and conductivity) of the
ground which forms the reflecting surface, for the normal range of vari-

ation of these parameters.

Preceding page blank
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Operation of the antenna pair over other types of reflecting surface
(fresh water, sea water, ground coverad by screen) has been considered,
and it has been shown that this particular design of antenna pair is not
suitable for operation over such surfaces.

Practical aspects of the constructioun, erection and checkoﬁt of the

antennas have been covered.
While no detailed éattern measurements of‘this type of antenna have
been made, experiments have been described (ircluding new experiments on
ocean backscatter) which tend tc confirm that the antenna pair does oper- -
ate in the manner predicted by the theory.
It is concluded that the crossed-antenna pair which has Yeen des-
cribed, can, at a reasonable cost and with mocdest requirements in real
estate and in complexity of installation, provide horizontal, vertical,
and circularly polarized radiation patterns which are potertially useful

for experimental investigations, communication and “other applications

using long~distance propagation of HF signals.
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APPENDIX A

THE REFLECTION COEFFICIENTS FOR CONDUCTIRG SCREEN OVER LOSSY GROUND

A brief summary of the method used to find the reflection coeffi~
cients of ground covered by reflecting screen, used in Section II-X,
will be shown helow. A more detailed exposition will be given in a
report by J. R. Barmumm now in preparation.

The approach to finding these reflection coefficients is by the
concept of surface impedance. Many authors (e.g., Wait and Walters,

Ref. 20) define the reflection coefficient for vertical polarization as

Zv
sin yi - 2;

by = Zv ? (A1)
sin ei + A

o

where wi = elevation angle of incident wave
Zv = impedance of the surface for vertically polarized incident
wave,
Z0 = 126 « = impedance of free space.

The surface impedance of the screen is found from equations given by
Wait (Ref. 26). The simplifying assumption is made that the spacing d
of the screen is much smaller than a wavelength in the ground. The equa-
tions are written in slightly different form for convenience in computa-
tion.

The surface impedance of the screen over lossy ground is

Preceding page nlank
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where T

and x

whare d

SEL-70-043

n sin *i
%
2 2
<% - CcoS ﬁi)

spacing between wires, meters,

radius of wire, meters,

conductivity of wire, mhos/meter,
frequency, hertz,

heigat of screen above ground, meters,
refractive index of ground = Frc’

complex dielectric constant, e/eo,

complex permittivity, farads/meter = e'(l - 5%%);

permittivity of the ground

b

permittivity of free space, 8.854 (10)-12 farads/meter,

conductivity of the ground, mhos/meter,

2nf radians per second.
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The surface inpedance ng of the bare ground for vertical polar-

ization is given by ¥Wait and Walters [Ref. 20] as

Jup % jwe s %
z_ = — 4 = ——cos ¥ s (A8)

\G + jJus g + jwe

where po= permeability of free space.

¥Wait and Walters point out that, for low radio frequencies and mod-
erate to well-conducting soils, the total surface impedarnce Zv for
vertically polarized waves may be taken as the parallei combipation of

Z =zand 2 , so that
s gv

zZ Z
~ =BV
zv_Z + Z (A7)
s gv

This approximation has been used even though the conditions are not ex-
actly met; the error imcurred ic probably negligible. (This poirt is
discussed further in Ref. 26. Alternmatively, since ng is large com-
pared to Zs’ Z gv/ (Zs+zgv) may be taken as approximately equal to one,

so that Zv = Zs. This is often done.)

The reflection coefficient for horizontal polarization is given by

Zo
sin y';l - -z—}‘-
o = Zo s (A8)
sin ¥, + o
1 Z
h

where Zh is the impedance of the surface for a horizontally polarized

incident wave., However, fur ground screen, Zo/ Zh > 1, so that
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p, = - =-1=1/7180° ,
k ZO/ z,

{&9)
which is the commonly used approximation.

It remzins to discuss the assumption that the spacing d between
wires of the screen is much smaller than a wavelength in the ground.
The wavelength Ag in the ground is related to the free-space wave-

length Ao by

?\g = T‘-]T ’ (A10)

where n is the refractive index of the ground, Frc' The worst case

4. At 30 ¥Hz

n

is for "good" ground; when €. =15 and ¢ = 10-2, ju]
Ro = 10 meters and Kg =~ 2.5 meters. The largest spacing considered

here was d = 2 ft = 0.€1 meter, so that the assumption d <kag was

only barely met at 30 MHz.
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APPENDIX B

DETAILS OF ANTENNA INSTALILATION

1. ANTENNA SUPPORTING STRUCTURE

Site copnsiderations were discussed in Section IIT-A. The antenna
structure should support the upper {vertically polarized) antenpa at 76
¥t above grade, and the lower (horizontally polarized) antenna at 54 ft
abnve grade. Class 1 or Class 2 telephone poles have been used in all
installations so far. The top of the pole should be not less than 76 £t
above grade. An 85 ft pole set 9 ft ir the ground is usually satisfacto-
ry; if soil conditions make a greater depth advisable; the pole should
be correspondingly longer. Good utility practice should be followed in
installing the pole. If the soil is unstable, guy wires should be in-
stalled, again following utility practice. The guys may be fastened to
a clémping ring around the pole at the 50 £t level. Strain insulators
should be put in the guy wires 4 ft from the pole and at 8 ft intervais

thereafter.

It is advisable to inmstall the antenna brackets and pole steps be-

fore erecting the pole.

2. ANTENNA MODIFICATIONS

The particular configuration of the cross-polarized array which has
been installed at the various locations consists of two log-periodic ar-
rays, Hy-Gain type LP-1007, one of which is modified for mounting with
its elements vertical. The modified, vertically-polarized array is moun-

ted with its boom 76 £t above the ground, while the other array is mounted
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in the usual horizontal position at 54 ft above the ground. Figure 32
is a photograph of a prototype insta;lation of the antenna. Both anten-
;as are pointed in the same direction, aﬁd their mountings are designed
so that the antennas can be swung over approximately 60 deg in azimuth.
Any greater chaﬁge in direction requires remounting of the brackets on
the pole. Bcth anteunas should be pointed as exactly as possible in the

desired direction of transmission or reception.

Hodifications to the log-periodic anteannas to adapt them for the

cross-polarized use are as follows:

1. Special brackets and parts (Figs. 46-49) are made tc support
the lower (horizontal) antenna to one side of the pole, allow-
ing it to be moved somewhat in azimuth, and to support the up-

per (vertical) antenna directly above it.

2. The beom~to-mast bracket (manufacturer's part A~1) on the upper
antennz is redrilled to fit the pivot bolt on the new special

bracket and support the antemna in the vertical position.

3. A 4 X 4 piece of wood is attached to the upper bracket extend-
ing up about 8 ft above the antenna mount, and dacron-rope
block and tackles are rigged from it to the ends of the anten-
na boom to provide vertical support. The vertical pipe and
diagonal braces, which ordinarily provide verti:zal support to
the antenna when it is mounted in its usual horizontal plane,

are not used on the vertical antenna.

4, A rear extension boom about 15 ft long is added at the rear o»f
the upper antenna boom. It should be as light as possible con-
sistent with the necessary mechanical strength. A 12 ft piece
of 1/16 in. wall aluminum t.bing 1-3/4 in. in diameter, and a
6 £t piece 1-1/2 in. in diameter, both of 2024-T3 alloy, have
been used. A dacron rope is run from the top of the 8 ft ver~

tical 4 X 4 to a point 12 ft out on the extension boom to
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boom-to~spar mount, and top pulley bracket for verti-

Wrench,
cal antenna mounting.

Figure 49.
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support it vertically. The upper autenna feed line is instal-
led in the usual manner, but instead of dropping down from the
antenna mcunt, it is run out along the extension boom, and
dropped to the ground from that point. This is to keep the
feed line from affecting the directive pattern of the vertical
antennas. A suitable strain relief should be provided at the
end of the boom to keep the cable from bending sharply at that
point, and to keep the weight of the hanging cable off the bend.
(The feeder of the horizontal antenna is brought down the pole
in the usual manner. The two feeders are made equal in length
and the excess cable in the horizontal feed line is coiled up

at the base of the pole.)

5. A horizontal spar extending five feet on each side of the boom
is installed at the mounting of the vertical antenna, and dacron
guys run to the fore and aft ends of the main boom to stiffen
it against wind loading. The load on this spar can be quite
large; at least one-inch steel pipe is suggested. A similar

. spar, which may be of lighter material, is put at the rear of
the boom and rigged to stiffen the rear extemnsion boom. The

ropes are attachked at a point 12 £t out on the 15 £t rear boom.

6. The weight and sail area cf the auxiliary rear boom put a con-
siderable twisting torque on the mounting of the upper antenna,
due to gravity and wind loading. To hold the upper antenna
level against the weight of the extension boom and feed line
at the rear, a dacron rope is run from the forward end of the
buom down to the mounting of the lcwer antenna. Dacron guys
may be installed from the rear extension boom to ground anchor
points well out on either side of the antenna, to keep it from
swinging in the wind. These guys should be left a trifle slack
to allow for swaying of the pole. A possible alternative would
be to mount a counterweight on the front of the boom. The
counterweight would be of sheet steel, of such an area as to

provide a turning moment under wind loading equal to that of

the auxiliary boom and feed cable, while its thickness would

be enough to counterbalance the gravity load.
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7. The cable installed in the two arrays should be a 0.405 in.
0.D., 50 ohm cable with a2 stranded center cenductor, such as
RG8-A/U. This is almost the largest cable that will pass
through the array phasing lines. A continucus 165 ft length
of caﬁle is needed to pass through the antenns phasing lines,
back out along the extension boom of the vertical array and
down to the ground. Anr equal length of cable should be used

for the horizontal array.

Figure 50 gives the power rating and attenuation of some com-—
monly-used cables. If higher power is to be used than RG-8A/U
will accommodate, teflon cable such as RG-87/U may be used in-
stead. At the ground end of the 165 £t cables feeding the ar-
rays, larger-size cable sach as RG-17/U may be connected if

power-har iling or attenuation considerations make it desirable.

8. A messenger cable of thin stranded steel guy wire should be run
from the rear of the upper array extension boom to a ground rod
directly below, and the vertical feeder lashed to it at short
intervals to keep it from whipping in the wind. (This cable
also provides lightning protection.) Likewise, the feedline
from the horizontal array should be fastened to the pole to
prevent wind damage. In one installation it was found neces-

sary to cover this downlead with vinyl tubing (gavden hose).

3. ASSEMBLY HINTS

The following hints will be found useful in addition to the assembly

instructions normally furnished with the log-periodic antennas:

1. It is essential that all electrical connections at both ends of
each jumper wire, at each joint of each element, and at the
joints and jumpers of the phasing lines, be perfectly tight and
that the metal surfaces at the connections be perfectly clean

before assembly. [f this is not done, the connections will
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quickly corrode and become unrelizble even in average weather,
because of the dissimilar metals at the connections. This is
especially critical when re-erearting 2 used antenna, since the

various contacting surfaces will already be weathered. Several

'f; of the following recommendations are intended to help with this
problen.
. 2. The cocaxial cable should not be installed through the phasing

- i lines until all other assembly steps, including the fastening

Sa i

of all jumpers between elements ard phasing lines, have been
completed. This will minimize the possibility of running screws
: through the cable jacket into the braid. (If desired, a “"fish-
- line" can be strung through the phasing lines during assembly,

e then used to pull the ceaxial cable into place.)

?;“ 3. The 6-32 self-tapping screws, used throughout to fasten the
phasing lines together at the joints and to fasten the jumpers
from each element at tlie phasing-line end, are a definite weak

S 3 point. The threads they cut are shallow, and they tend to work
3 loose from the aluminum tubing, or to strip out when tightened
down hard. On the other hand it is nct permissible to use long-
er screws, or to use sheet metal screws with their deeper

- A threads; the sharp points of the sheet metal screws are likely
to damage the coaxial cable inside the phasing line. It is

therefore recommended that machine screws be substituted for

all the self-tapping screws, and that the holes be first tapped
by hand in a separate operation., The machine screws must be no
longer than the original self-tappers, but since their thread
is full size nearly to the tip, they should do a better job of
holding. Alsc they can be of larger diameter, up to size 10-32.

4, It is recommended that stainless steel screws and nuts be used

at all electrical connections.
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S. Since the phasing lines are too long to be made of a single
length of tubing, each one has a butt joirt in the middle.
This joint is a source of trouble, since it is subjected to
flexing and stretching while the antenna is being erected and
while it is in sexrvice. Using larger machine screws as called
for above will help to maintain good connection, but alsc 2
short jumper should be installed across each joint, with the

usual precautions to mzintain good contact.

6. On the upper antenna, the support-tube-to-boom brackets are
not used for their original Funct<on, since the boom is sup-~
ported in a different way. ‘'They should be installed, however,
since they provide electrical connection between the two main

booms.

7. As an extra precaution in high-wind areas, the telescoping
sections of the elements in the vertical array, after being
adjusted to length and clawmped, nay be secured by a 6-32 X 1/4

inch sheef metal screw in each joint.

4., ELECTRICAL CHECKOUT DURING AND AFTER EREC'+ION

Two types of tests should be made on the antennas during erection,
and can be made at regular intervals afterwards to confirm their proper
operation. These are a DC continuity test and a check of voltage stand-
ing~wvave ratio (VSWR) over the operating frequency range. In addition,
if the antennas are to be used for circular polarization, the sense of
rotation of the upper antenna relative to the lower one must be noted,
and the two feedline lengths must be electrically matched as desciibed

in Section 5 following.
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f; 1. DC continuity test. This may be performed after assembly and

installation of the feed cable, and both before and after erec-
tion. A low-range ohmmeter is connected between outer and in-
ner conductors of the feed cable at its lower end. A reading
5 3 of the order of 0.25 ohm (depending on the type z2nd length of

4 feed line) should be obtained, and should remain constant de-
k. spite shaking of the antenna structure and connections. This
verifies a large number of connections in the feed line and
B phasing line path, as follows: From feed cable connector
through the center conductor of thé feed cable to one short
phasing line, through tﬁat phasing line butt joint, through
the rest of that phasing line, through a jumper to one of the
'?k longest antenna elements, back through another jumper to the
;Q corresponding long phasing line, through the long phasing line
with its butt joint to the jumper at the far end, through the
jumper to the other long phasing line, back through thkat long
phasing line with its butt joint, through another jumper to

£
=P,

i the other longest antenna element, through another jumper to
:}- the other short phasing line, tarcugh that phasing line with
3 its butt joint to the outer conductor of the feed cable, back

through the feed cable to the connector. Therefore this DC

3 test verifies every electrical connection in the antenna except

T3
4
3

those from each element (except the longest) to a phasing line,

o

and the joints in the elements themselves. These element con-
nections can be separately vevified with the ohmmeter before
erection; after erection they may be verified by the VSWR test
to be described. One other DC test should be made before erec-
tion; temporarily disconnect the outer braid of the feed cable
from the phasing line through which the feed cable passes. The
DC resistance should rise from about 0.25 ohm when connected,
to infinity (many thousands of megohms) when disconnected, and
should remain infinite despite shaking and jiggling of the fead
: ‘ cable., This will confirm that no screws are projecting through
the cable outer insulation. Carefully restore the outer braid-
to~-phasing cablie connection, and a reliable 0.25 ohm reading

\‘5;-

should again be obtained.
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2, VSWR check. A direct-reading VSWR meter and an osciilator or
e signal generator covering the 12 tc 30 MHz range are required.
5-55 They should preferably operate at a signal level high enough

| (0.25 W or more) that stray signal pickup by the antenna is
negligible. A preliminary test may be made with the array in
its assembly position a few feet off the ground; the VSWR read-
ings obtained will be a little higher than mormal, but frequen-
cies of excessively high VSWR can be located. The final test

should be performed after the antenna is erected and in the

clear, with crane booms, etc. removed from the immediate vicin-

il O

» ity. The length of feed line between the antenna and the mea-
;é suring point should be as short as possible. The indicated

. VSWR should be well above 2 to 1 at 12 MHz azmd below; dropping
to below 2:1 at 13 MHz and remaining below 2:1 up fo 30 MHz.
The readings on an antenna in good condition will typically
average 1.5:1 with small more-or-less periodic variations be-
tween 1:1 and perhaps 1.8:1. A large VSWR reading over a small
portion of the range indicates a prcbable poor contact in the
Jjumper or joints of an antenna element whose length is one-
quarter wave near the frequency of worst VSWR. The approximate

frequencies, allowing for jumper length, are as given below:

Element Nominal Length Approx. Freq.
Number ____Inches MHz
ri 68 11/16 39.2
D2 76 5/8 34.5
D3 8 7/16 31.9
D4 95 5/16 28.2
D5 106 26.0
D6 118 1/8 %2.9
D7 »? 9/16 21.1
D8 ~46 1/2 18.7
D9 163 1/8 17.2
D10 181 1/8 15.83
Dil 202 1/8 13.9
B D12 225 12.7

111 SEL-70-043




5. FEEDLINE-LENGTH MATCHING FOR CIRCUILAR POLARIZATION

When adjusting the 1elative phase of the horizontally and vertically
polarized autennas {refer to Sections II-F and I1I-G in the body of this
report) it is assumed that, except for the extra length of cable inserted
inrone feed line to obtain the desired phasing, the feed cables to the
two antennas are carefully matched in electrical leagth. ’Matching of the
feedlines should be carried out when the antenna is installed or whenever
a line is changed; oue irch of line has a phase shift of ahout one degree
at 20 MHz. The lines should be cut to the same physical lepgth to begin
with, and all connectors and terminations made carefully alike. The feed
cable on each antenna should be temporarily shorted at the point where it
connects to the antenna phasing lines, the lengths measured electrically,
and the longer cable trimmed as required. Time--domain reflectometry
egquipment may be used if available to measure the cable length. An al-
ternative method which requires only a signal generator and a sensitive
RF voltmeter or oscilloscope is illustrated in Fig. 51. The signal gen-
erator is tuned to a frequency that gives minimum voltage reading, indi-
cating that the line is an integral number of half waves long at that
frequency. When the two lines dip at the same frequency they are of the
same electrical length. (This assumes that the lines initially have been
cut closely enough to the same length that there is no possibility they
have different integral numbers of half waves on them at the dip freguency.
If in doubt, repeat the test at another frequency where a dip is obtained.)
The exact frequency need not be known, but only the comparison between the
frequencies at which the two feediines dip. With care, feedlines 1000 ft

long can be matched within % one inch.

SEL-70-043 112



——— e

B P

T T e

Feongn .

*SourTpeazx
T8TXV0D yo syz3ueT TevOTX20070 JUTYOorBW JOY dnjes juswdinby ° g saultag

‘ONTTI® POTIBISUT PUE [BOTIUOPT oq prnoys sxodum( Sut
~3I0US auL °3803 STYS XOF (SAUTT Jufsvyd vUULIUB oY] 03 JUSUYDBILB FO
jurod ay3 ‘eswvd SIYL UT) puUd I8 oYy 3B PAIIOYS oxB S9TQEO BYY, — g 930N

*UoTIN{Usax paarnbag
94y} 01 puox aq usd J038vIOULd TBUITS Oy} UO BTEBOS But8301 2y3 FI 4Laes

=8000u jou ST JOJUNOO B8Y3 ‘syzIuel oTqeO yYojBW 01 paxinbax sy ALovanooe
9AT3BIOX ATUO Q0UTS ‘anq ‘odoUsSTULAUCD B ST xo3unod fouenbaxy oyl - i 930N

zupm%mbg H3LNNOD
IAILISNIS AIN3NDIYS
[
LHOHS
G . avd d4Olvy3IN3O
Q3IHOLVWN ONi138 8p 9 IYNSIS

D 378VD 40 SHLONI

1YOHKS

SEL~-70-043

113




[ 3 REFERENCES

o A ——

:

=¥

j = 1. P. D. Xennedy and J. W. Ames, "Pclarization Diversity Reception of
;' High Frequency Sigrals,"” Granger Associates Technical Bulletin No.
g~. 4, 2nd Edition, 1967, Granger Associates, Palo Alto, Calif.

2. G. W. Gerst and R. A. Worden, "Helix Antennas Take Turn for Better,”
3 Electronics, August 22, 1966, pp. 100-110.

E 3. J. M. Dixon, "Orthogonal Transmission: Answer to Skywave Interfer-
: ence in MF Broadcasts?" Communications Designer's Digest, Vol. 3,

¥ No. 3, March 1969, pp. 21-23.

4, D. A. Hedlund and L. C. Edwards, "Polarization Fading Over an Oblique
incidence Path," IRE Transactions on Antennas and Propagation, Voi.
AP-6, No. 1, January 1958, pp. 21-25.

5. M. R. Epstein, "Polarization of Ionospherically Propagated Waves
3 With Applications to Radio Communication,"” Radio Science, Vol. 4,
¥ No. 1, pp. 53-67, January 1969.

is 6. M. R. Epstein, "Polarization of Ionospherically~Propagated HF Sig-
E nals, " Report SU-SEL-67-091 (TR No. 143), Stanford Electronics Lab-
: oratories, Stanford, Calif., October 1967.

7. Offutt, DeSize and Yale, "Methods of Obtaining Circular Polarizationm,"
Antenna Engineering Handbook, ed. H. Jasik, McGraw-Hill Book Co.,
g Inc., New York, pp. 17-1 through 17-3, 1951.

s 8. "Reference Data For Radio Engineers," 4th Edition, 1956, Interna-
y tional Telephone and Telegraph Corperation, p. 714.

d. F. E. Terman, Electronic and Radio Engineeriag, 4th Edition, 1955,
k- McGraw Hill, New York, p. 808.

: 10. H. H. Skilling, Fundamentals of Electric Waves, Wiley, New York, 2nd
k. Edition, 1948, pp. 149-158.

3 11. W. L. Weeks, Electromagnetic Theory for Engineering Applications,
3 Wiley, New York, 1964 pp. 233-238.

ke 12. G. P. Ohman, "Universal Curves for the Horizontal Polarization
S Reflection Coefiicient,” IRE Transactions on Antennas and Propaga-
tion, Vol. AP-10, pp. 450-452, July 1962.

‘% 13. G. P. Ohman, "Universal Curves for the Vertical Polarization Reflec-
o tion Coefficeint," IRE Transactions on Antennas and Propagat1on,
03 Vol. AP-5, pp. 140-142, January 1957.

' 14. Skywave Transmission Chart, by Prof. R. A. Helliwell, Radioscience
g_ Laboratory, Stanford University; available from Granger Associates,
Palo Alto, Calif.

3 115 SEL-70-043

Preceding page hiank



15. K. Davies, lonospheric Radio Propagation, NBS Monograph 80, Chapters
4 and 5, 1965. - :

16. lonospheric Radio Propagation, NBS Cireylar 462, Chapters 4 and 5,
1948.

17. P. O. Laitinen and G. W. Haydon, "Analysis and Prediction of Skv-
wave Field Intensities in the High Frequency Band," available at
Defense Documentation Center AD210-022, Radio Propagation Unit Tech.
Report 9, 1950. (Revised Oct 1962.)

18. W. Saraga, “The Design of Wide-Band Phase Splitting Networks," Proc.
IRE, Yol. 38, No. 7, pp. 754-770, Juliy 1950.

19. R. W. Landee, D. C. Davis and A. P. Albrecht, Electronic Designer's
Handbook, McGraw-~Hill, 1957, pp. 17-14 to 17-18,

20. J. R. Wait and L. C. Walters, Influence of a Sector Ground Screen
on the Field of a Vertical Antenna, NBS Monograph 60, 15 April 1963.

21. V. R, Arens, "A Mathematical Model of Vertical Antennas of Finite

: Length Over an Inhomogeneous Earth,” Oblique Ionospheric Radiowave
EQ . ; Propagation at Frequencies Near the Lowest Usable High Frequency
Cs (AGARD Conference Proceedings Number Thirteen), Technivision Servi-
ces, Slough, England, 1969,

e P A A T oy

22. J. M. Horn, "A Numerical Analysis of HF Extended-Sector Ground Sys-
tems," NEL Report 1430, U. S. Nuvy Electronics Laboratory, San Diego,
Calif., 19 January 1967.

23. L. O. Krause, "Enhancing HF Received Fields with Large Planar and
Cylindrical Ground Screens," IEEE Trans. on Antennas and Propagation,
Vol. AP-15, No, 6, pp. 785-795, November 1967.

24, J. R. Wait, "On the Theory of Reflection From a Wire Grid Parallel
to an Interface Between Homogeneous Media," Applied Science Research
B6, pp. 259-275, 1956.

25. J. R. Wait, "On the Theory of Reflection From a Wire Grid Parallel
to an Interface Between Homogeneous Media (II)," Applied Science
Research B7, pp. 355-360, 1958.

26. J. . wait, "Effective Impedance of a Wire Grid Parallel to the
Earth's Surface,"” IRE Trans. on Antennas and Propagation, Vol.AP-10,
No. 5, pp. 538-541, September 1962.

27. J. k. Wait, "On the Theory of Radiation From a Raised Electric Dipole
Over an Inhomogeneous Ground Plane," Radio Science, Vol. 2 (New Se-
ries), No. 9, pp. 997-1004, September 1967.

28. T. larsen, "Numerical Investigation of the Equivalent Impedance of
a Wire Grid Parallel to the Interface Between Two Media,' Journal
of Research of the NBS, Vol. 66D, No. 1, pp. 7-14, Jan-Feb 1962.

SEL-70-043 116

ey A

PRRUICY,

PN T

PR Tt

o T VIR i AR

IS YVIUND MUK I e e e (o




S o M = e e e e B ot v om o rae  e —_ =

UNCIASSIF IED

Secunty Classification

DOCUMENT CCNTROL DATA-R&D

LStvaaes slaaalietion of Blic, inuhe of wh 1as § s snecXing anoiatead must be entered when the overall veport 13 elassified)

‘j

1

QIIGINATIN ACTevet s ¢Uerpornte author) 28, REFORT SECURITY CLASSIFICATION

Stanford Eiectronics laboratories Unclassified

Stanford University 2b. Groue
Stanfoird, California ©4305

K)

REPORT 1TLE

AN HF ANTENNA FOR OBL1QUE PROPAGATION HAVING APPROXIMATELY CIRCULAR
POIARIZATION OVER APPRECIABLE FRZQUENCY AND VERTICAL-ANGLE INTERVALS

-4

OLSCRIPTIVE NQTES (Type o report and inclussve dates)

Technical Report No- 153, Juiv 1970

S

AU THORUS) (First name, middle initial, ;2ast name)

J. M. Lomasney and J. R. Barnum

b. PROJECT NO.

6 REPORTY DATE - 78, TOTAL NO. OF PAGES 7b. NO, OF REFS
July 1970 117 30
88, CONTRACT OR GRANT NO. 98. ORIGINATOR’S REPORT NUMESER(S)

Nonr-225{64}, NR 088 019
SU-SEL-70-043

3606 TR No. 153
. ing Order No. b, &}r:«reeﬁozfpon'r NOI(S) (Any other numbers that inay be assigned

. DISTRIBUTION STATEMENT

This document is subject to special export controls and each transmittal to foreign
governments or foreign nationals may be made only with prior approval of the Office
of Naval Research, Field Projects Programs, Arlington, Virginia 22217

- SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Office of Naval Research

ABSTRACT

." -6,

This report describes the design of a pair of HF antennas, one horizontally
and one vertically polarized, whose gains and directivity patterns are reasonably
alike over the range of elevation angles useful for oblique ionospheric propaga-
tion over typical one~hop distances. Means are given for obtaining the proper
phasing for approximating circular polarization at a designhated elevation angle
and over a substantial frequency interval. The design must take into account the
differing reflecting properties of ordinary ground for vertically-polarized and
horizontally-pclarized incident waves, and the variations of these properties with
radio frequency. !

The theoretical performance of a cross-polarized antenna pair of one partic-
ular configuration is described. It is shown that satisfactory performance should
be obtained over ground having electriral properties within the range usually en-
countered, though not when the reflecting surface is fresh water, sea water o»
ground covered by a conducting screen.

Lxperimental results are given which tend tc confirm that the crossed antenna
pair does operate in the manner predicted by the theory. Construction details are
furnished./

A

/

1

DD f%.1473 (Pace 1) UNCLASSIF IED

S/

N 0101.807.680) Secunty Classtification

LW



Sibes
Y

29,

R. B. Fevrwick and G. H. Barry, "HF Measuremcnts Using Extended
Chirp-Radar Techniques,' Report SU-SEL-65-058 (TR No. 103),
Stanford Electronics Laboratories, Stanford, Calif., June 1965.

J. R. Barnum, "The Effect of Polarization Rotation on the Amplitude
of Ionospherically-~Propagated Sea Backscatter,” Ph.D. dissertation,
Stanford University, Stanford, Calif., June 1970.

117 SEL-70-043



UNCIASSIZIED

Ssecutity Clusssfication

[ AC g

”

A

wihn B
Sea

LINK C

ROLF

wyY

ROLE wT_

ROLE w1

ANGLE OF ARRIVAL
ANTERNAS

ANTENNA COXNFIGURAT IONS
ANTFNPA RADIATION PATTERNS
BROADIASRD

CIRCULAR POLARIZATION
COMMUNICAT IONZ
ELECTROMAGNETIC WAVE REFLECTIONS
GROUNL: PARAMETERS

HIGH FREQUENCY

HORIZONTAL POLARIZATION
IONOSPHERIC FROPAGATION
POLARIZATION

VERTICAL POLARIZATION
CROSS~POLARIZATION

OCEAN BRACKSCATTER

DD V1473 eac)

(PAGE 2)

UNCLASSIFIED

Security Classification




s I . . . i

o s e gEmewy

e —ncr—
R

e T  ——r

-y
A

o o - )
— ) e T Al o . iy

IS NENRY; ,.m_.., a
T e, I 20 4
G O Prstosn

. i,é. .
ot




P R ST

August 1972

‘REVISTONS TO TECHNICAL :EPORT NO. 153:

"An HF Anterna For Oblique Propagation Having Approximately
Circular Polarization Over Appreciable Frequency an
‘Vertlsai~Angle Intervais™™®

by -

J. M. ‘Lomasney and J. R.. Barnu@

- The report cited was published in July 1970, The main piirpose
was to .demonstrate the capabiiity for synthesizing nearly circular
polarization at HF using cross-polarized log-periodic antennas (LPAS)
over ground. It was concluded -that such a scheme was a viable ap-
proach to the des1gn of c1rcular1y polarized HF antennas. Moreover,
it was Stated "... that the operation of the zntennns is little
affected by the parameters (dieléctric constant and conquctivity)
of -the ground that forms the reflecting. surface, for the normai
rafige of variation of thése parameters.”

After publication of theé réport we dfchvered'an error in :the
computer program that was usSed to obtain most.of the curves for
reflection coefficient and antefina elevation patterns. This error
necéssitates several changes in ‘the theoretically derived charac-
teristics of the .antenna’s. behavior, whlch will modify our conclu-
sion (quoted above) regarding the Jen51tiv1ty of ‘this behavior to
the ground's dielectric constant .and conductivity.

‘Specifically,

it is now seen -that the. imaginary part of the

complex dielectric constant (€

rc) of the ground becomes significantly

large compared to the real part for even below-average:-ground at aigh
frequencies (3-30 MHz)., It is quite obvious, therefore, that in most

-~

Report No. 'SU=SEL-7G-043, published by Staﬁférd'Eléctfogiés Laboia-
tories, Stanford University, prepared under Office of Navsl ‘Research
Contract Nonr-225(64), NR 088 019, and Advanced Research Projects
Agency ARPA Order 195 (July 1970). Original report majy, be obtairmed*
upon request addressed to Dr, .J. R. Barnum, Ionospheric Dynamics
Laboratory, Stanford Research Institute, 333 Ravénswood Avenue,
Menlo Park, Califérnia 94025, :

ENCLOSURE (1) , T
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oractical cases, gzoundeeflecfion coefficients must be indxvi&ually
calculated for the purpose of phasing the antennas to a glven desired
polatrization,

It must be -emphasized that the computer ‘program. error in no way
affected the experimental results already obtained using 'this antenna
(d;scussed in Chapter- 1V).

A. THE PROGRAM ERROR
- The computer program that was employed to obtain’ the curves of
- reflection coefficient and most of thé .antennas elevation patterns .
-used;,. by .error, the following for Eq. (8a):
. . * - =%

-~

’

€ .
2 . 2

€

€ - J
) we €
o

re

N

- instead Of the correct relation given in Eq. (8a) of the repdrt, which

is:
/
€ o
2 . 2
g, =X— == . (8a)
re €. we.
o o

. This error may be viewed as changing the -ground condu t1v1ty o to
c, /er .

- Recause of the error, the curves of reflection coefficient in
Figs. 5 and ‘6 ‘must be relabeled, and Figs. 7 and 8 must be done over

éntirely. The antenna eluvation pattérns of Figs. 9 through 14 and the
.-curves of Figs. 16 through 20 all have a value for ¢ only one-tenth as

largé as marked--that is, they apply to antennas over "poor” to

"very poor” ground rather than "good” -ground. <Likewise, in- Fig. 15(a)
ang, (h) tke value of ¢ should be divided by ¢_, Also, the statement
on pages 17 .and 29 regarding the effect of,gréund cQﬂdhcﬁivity on
antenna: patterns at H? and the conclusion on page 91 must be revised.
These changes are listed in order below:
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REVISIONS (ERRATA)

Page -7

15, Fig. 4-

“18, Fig. 5

" 19, Fig, 6

20, Fig. 7

Errata

The verbal designations of :the earth
types on the bottom three curves
should be reviseed “o rezad:’

Rich Farm, Marshy Forest: Good Earth
Residential: Average Earth
Sand, Hills i

! - } Poor- Earth
Mountain, Rock T

" Industrial: Very Poor Earth

Add "NOTE: Theése designations are
somewhat arbitrary, and are used

,1#0sely to definé thé ground for cal-
. culations that follow."

Replace w1th the follow1ng text'
unt11 "a" ‘becomes .lafger ‘than 0.3.
However, Fig. 4 indicates that "a"
is: gredter than 0 3 over most of the.
‘HF rangé, except for industrial-type

(nggss@ve;y poqr).grognd. Thus, in

fiost practical casés the reflection
coefficients will have to-be individu-
ally calculated, usihg Eqs. (9) and (19).

¥or -cases where the reflecting surface
is water or ground screen, a special

_ situation ex1sts, which wiil be d;scussed

in Se¢tion K.'

‘Relabel 411 curves with values for

G/we! one<tenth as large. That is,
"o/we’ = 1 -and 0.1" becomés "o/we’ =
9.1 and 0,01"; and "o/we’ = 3" becomes
"o/we’ = 0.3", etec.

Relabel all curves with values for
c/we’ ohe-tenth as large, That is)
"g/we’ = 1 and 0.1" becomes "o/we’ =

0.1 and 0.01"; and "o/we’ = 3" becomes

"o/we’! = 0,2", ete,

New Fig. 7 enclosed herein.
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Page ) . Errata

N
o e o
3 :

21,

o> 1
[
R
[~+]

New Fig. 8 enclosed herein.

Ve

24, Line 3 -~ Change "a = 3" to "a = 0.3".

ne
a

He

i(\f-\

!
o )
'n-

ST

24, Fig. 9 ' Change "a

m

e

(L]
A % 7

In second line of caption, chanje
Ygoor" t¢ “poor”.

Py

25, Fig. 10 - Change "o = ;Q’z"to"o-= 10T3",:ahq>V
"= 1.4" to "a = 0,14". In second:

line of caption, change "good" té ~ i

"poor”. . B

. 1" "3| -
26, Fig. 11 Change "o = 1073 ¢ 6 =10 ', and
"a = 1.1" to "a 0.11". In secsnd
11ne of caﬂtxon, change good to

"very poor'. - y

27, Fig. 12 Change "o = 10: " to "g = 1073?, and
: "a=0.8" to"a=0,08". In- secppd. p
11ne of captlon, change ' good tb ;o

"very poor". : . : i

o "2u s = 3n hd

27, Fig. 13 Change "o = 10 to "o = 10 ", and
= 0.65" t& "a = 0.065". 1In second

line of caption, change "good” to
“véry poor'. : ) L :i

W

"'211

- 3 ' = " '-'31 3
28, Fig. 14 ‘Ghange "o = 10 tc "o =10"", and ] .
' a = 1.8" to "a = 0.18", In second - ;
1ine ,of- caption, change "good" to

"poor".

29, Lines 6-10 - Replace with the following text:
. "The patteins of Figs. 10 through 14 ;
weére obtained using a coanstant "average" ’ ) 15
valde of ground coenductivity (o = ’ i
10”3 mhos/m). Where the conductivity ‘
is 1arger--say, o = 107 mhos/m, as in i
"gooq" ground—-the horizontal=-polarization

- patterns will be- 1ittle affected, but

in the vertical patterns_the amplitude
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29, Lines 6-10 (cont.)

29,
29,

30,

30,

34,

34,

38,

age

Line 1

Line

Fig.

'Eig';

Fig.

Fig.

‘Line

Fig.

Fig.

Line

24

15{a)

15(b)

16

17

19

20

Errata

will decreasc¢ somewhat below the Brewster
angle and increase above it. In Fig. 10

- (at 13 MHz) the amplitude decrease wiil
be less than 2 dB, at 7° elevation and
below, and the increase will reach less
than 2 dB at elevation angles around 200‘
At 17 MHz (Fig. 11) the change will be
about 1 dB, and less at higher frequesncies.
The effect on phase difference will be
small (5 or 10 degrees) at 13 MHz. Varia- -

tion of er in ...".

" =34 vi' ) -4,,
Change "o =10 " to "o =10 "o

Change "good" ‘to "poor”.

” ;_3! 1] 7 \
Change "o = 10. " to "o = 6.7(10) ~, and
"a = 0.09" to "a = 0.006". ’

11} -3 1 -4 ¢
Change "o = 10. " to "o = 2(10) ", and
"a = 0,28" to "a = 0.056". -
In bottom line of caption, change "good"
to Ypoor”, aud "o = 1072" to "o = 1073".

:.2'
‘poor" and "o = 10

:‘Change "good" to '

-3

to "g = 107°",

Lhange "good” to "poor”.

. : < ‘ 1 "’2u
Change, in captiuns, o = 10 to
"G = 107",

- . " "2|l
Change, in captions, ¢ = 10 to
"o = 1073",

Change ""good" to "poor"”.
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Page Errata T
. g1, last para. Replace with the followlhg text: 'Lt has -
also Been shown that thz operation of the -
antennas is little affected by variations s
4 R in ground parareters, provided that a :J :
E L ) ’ 8 G/we’ < 0.3. However, from Fig. 4 it is .
i 2
230 seem that such » condition for "a" will R
- j not ordinarily exist over the HF band
?3 (3-20 MHz), except when the ground is sandy, P
. hilly, rocky. or "industrial.” If . H
94 1 5
i average -or better ground is used, it
- will be necessary to calculate reflection .
} coefficients individually, using Egqs. (9) 4
= ¥ and (10).
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